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FOREWORD 
I n  a study conducted under Contract NAS 9-10453 i n i t i a t e d  i n  December 
1969, the  AiResearch Hanufactur ing D iv is ion  o f  The Garret t  Corporation has 
invest igated the design of external  pressur izat ion systems for cryogenic 
storage systems. The external  pressur izat ion concept a1 lows presslire contro l  
of cryogenic storage systems to be accompl ished without i n s t a l  l a t  ion o f  dynamic 
components i n  the storage vessel. 
The primary ob jec t ive  of the study was the  establishment o f  a handbook- 
type approach to design o f  external  pressur izat ion systems. 
the program are presented i n  three reports, as fo l lows: 
The resu l ts  of  
External Pressur i ta t  ion Systems f o r  Cryogenic Storage Systems - 
Design Reference Hanuai, Report 71-7535, September IO, 1971 
Study o f  External Pressur izat ion Systems f o r  Cryogenic Storage 
Systems - Contract Sumnary Report, Report 71-7536, September IO, 1971 
Study o f  External Pressur izat ion Systems f o r  Cryogenic Systems - 
Final  Report, Report 71-7537, September IO, 1971 
This volume, the l a s t  l i s t e d  above, describes the t o t a l  program c a r r i e d  
out under t h i s  contract  and provides background informat ion on the character- 
izat  ions presented in the  Oesign Reference Manual. 
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SECTION I 
INTRODUCTION AND SUMEURY 
This report describes a study o f  rec i  r cu la t  ion-type external  pressur izat ion 
systems f o r  use i n  pressure cont ro l  of cryogenic hydrogen, cxygen and n i t rogen 
storage systems. The subject concept provides an a l t e r n a t i v e  t o  in te rna l  heat- 
ing devices o r  i n j e c t i c n  o f  gaseous pressurants as a means o f  tank pressur izat ion 
dur ing de l i very  o f  f l u i d .  
OBJECTIVE 
The ob jec t ive  o f  the study was t o  invest igate the external  pressur izht  ion 
concept s u f f i c i e n t l y  t o  es tab l i sh  the t o o l s  and techniques needed by system 
planners f o r  est imat ion o f  weight and cost o f  pressur izat ion systems f o r  hydrogen, 
oxygen and n i t rogen storage systems. 
form o f  a Design Reference Manual1 pub1 ished as AiResearch Report 71-7535 (Ref- 
ference I ) .  
This informat ion has been assemb’led i n  the 
I n  order t o  establ  ish a system design procedure, Character izat ion i n f o r m t i o n  
and design procedures were developed fo r  a1 1 major system elements. 
i n t o  the fo l low ing  categories: 
These fa1 1 
0 Energy add it ion devices 
Fluid-moving devices 
Transfer l i nes  
0 Controls 
The system considerations and t h e i r  e f f e c t  on component se lec t ion  i s  d is-  
cussed i n  Section 2 o f  t h i s  report .  
presented i n  Section 3. The development of ind iv idua l  component data i s  the 
subject o f  Sections 4 through 7 .  
another a l t e rna t i ve  f l u i d  de l i very  technique--the use o f  decay o f  storage pres- 
sure. It i s  noted tha t  f o r  de l i very  o f  l i q u i d  cryogen from a s u b c r i t i c a l  
(thwphese) storage system, pressure decay can a1 low large quan t i t i es  o f  the 
stored f l u i d  t o  be del ivered a t  h igh f low rates. 
The thermodynamic ana?yses ca r r i ed  out are 
An appendix t o  the repor t  b r i e f l y  considers 
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Detai led inforanation on the use o i  .e mater ia l  developed i n  t h i s  program 
i s  provided i n  Reference 1 .  
sented, together w i t h  step-by-step procedures and a completely worked example 
problem. 
There, extensive graphical design data i s  pre- 
I n  the remainder of t h i s  section, the program scope and approach i s  
summarized,and r c c o m n d a t  ions fo r  e f f o r t s  re la ted t o  t h i s  study are presented. 
SCOPE 
I n  deal ing w i t h  dynamic systems, it i s  general ly possible t o  conceive 
many system arrangements, component type select  ions and t rans ien t  s i t u a t i o n s  
which w i  1 1  be o f  in te res t  i n  p a r t i c u l a r  appl icat ions. The in ten t  here i s  t o  
provide ana ly t i ca l  techniques based on a basic system model having sppl i c a t i o n  
t o  most pressur izat ion requirements and employing c-mponent types selected 
dur ing the cclirse of t h i s  study. 
functions i s  discussed i n  Section 2. 
Select ion o f  cunponetrts f o r  the various 
The system designs, which are obtained from the Design Reference Manual, 
are based on steady-state operating conuit ions. 
involved w i t h  external  presscr izat ion systems are not amenable t o  a handbook- 
type treatment and require more knowledge of  the  o v e r a l l  cryogenic storage 
system than i s  presumed f o r  use o f  the manual. I n  any case, the  e f f e c t  of 
the  t rans ients  i s  p r i m a r i l y  on the  se lect ion of vaiues f o r  pressure contro l  
bands. Thus, the system weight and cost estimates derived f o r  steady-state 
funct ional  requirements can be taken t o  be l i t t l e  a f fec ted  by the  t rans ien t  
analysis which u l t i m a t e l y  must be accomplished i n  the  development o f  an exter-  
nai  pressur izat ion system. 
The t rans ien t  phenomena 
As mentioned ear l ie r ,  t h i s  study considered systems operating on three 
cy r ,gen i c f 1 u i ds : 
appl icable t o  each Clu id  are defined i n  Table 1 - 1 .  
hyd rogen, oxygsn, and n i t rogen. The operat iona 1 ranges 
. The character izat ions provided f o r  the  energy r d d i t i o n  devices a1 low 
several sources t o  be considered for heat input. The avai lab le heat sources 
are: 
Elect r i c a i  poder--assumed t o  be 28 vdc or I15-v, 400-Hz ac. 
AIRESEARCH MANUFACTURING COMPANY 
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Heat t ransport  f l u i d  stream--taken t o  be FC-75 !a 3M f luorochemical) 
received a t  30 t o  130 ps ia  and 500'to 700'R. 
Hot qas stream-taken t o  be H2-02 combcstion products received a t  
100 psia and 2000'R. 
TABLE 1 - 1  
EXTERNAL PRESSURIZATION SYSTEH 
OPERATIONAL RANGES 
Parameter 
Tsnk pressure range, ps ia  
Tank vo!ume range, cu ft 
F l u i d  de l i very  rates 
Vapor, l b  per hr 
Liquid, l b  per sec 
Hydrogen 
14.7 t o  1000 
5 t o  1000 . 
0 t o  2 
0 t o  I O  
F l u i d  
Oxygen 
~~ ~~ 
14.7 t o  1000 
5 to 1000 
0 t o  20 
0 t o  20 
N it rogen 
~ 
14.7 t o  1000 
5 t o  1000 
0 t o  20 
-- 
The pump, which supplies t h e  f l u i d  motion p o t e n t i a l  f o r  the r e c i r c u l a t i o n  
loop, i s  tonsidered t o  be dr iven by an e l e c t r i c a l  motor. Two motor types have 
been characterized: the  cage r o t o r  induct ion motor and t h e  samarium-cobalt, 
permanent-magnet brushless dc motor. 
GENERAL APPROACH 
I n  developing the  system character izat  icn, analyses were c a r r i e d  out t o  
define the range o f  component charac ter is t i cs  imp1 ied by t h e  system operat ional  
ranges noted i n  Table 1 - 1 .  Component studies were then undertakzn t o  es tab l i sh  
means o f  representing each component over the  required range. Here, t h e  goal 
was d e f i n i t i o n  o f  design approaches su i tab le  f o r  presentat ion in  handbook form. 
The system model, in te r face  relat ionships,  and study ground ru les governing t h i s  
e f fo r t  are summarized i q  the  fo l low ing  paragraphs. 
AIRESEARCH YANUFACTURING COMPANY 
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System Model 
I n  Figure 1 - 1 ,  a schematic i s  presented o f  a rec i rcu lat ion- type external  
n ressur i ta t ion  system which has appl i c a t i o n  t o  9ressure contro l  o f  both sub- 
c r i t  i c s l  (two-phase) and s u p e r c r i t i c a l  (single-phase) cryogen;c storage systems. 
The schematic indicates a f low contro l  valve which opens a t  some pressure 
de f in ing  the  lower 1 i m i t  o f  the pressure contro l  band f o r  the  cryogenic storage 
system. 
components requi r ing e l e c t r i c a l  power; these are the pump and, i f  chosen, 
the e l e c t r i c a l  f l u i d  heater un i t .  Flow i s  thus i n i t i a t e d  i n  the loop, w i t h  
energy being added t o  the  r e c i r c u l a t i o n  stream. W by the  pump and heat ing 
device. The stream, re turn in9 t o  the  storage tank a t  an increased energy 
level, maintains tank pressure whi le  f l u i d  de l i very  i s  tak ing  place a t  t h e  
ra te  WD. 
f low contro l  valve closes and e l e c t r i c a l  devices o f  t b e  loop are deenergized. 
The check valve shown i n  the  re tu rn  l i n e  serves t o  i s o l a t e  t h e  loop dur ing 
no-flow periods t o  mi.i imize thermal pumping i n  t h i s  l ine .  
Sensing o f  valve movement causes the  c o n t m l  u n i t  t o  energize thcse 
R 
As tank pressure r ises t o  the  upper l i m i t  o f  the  contro l  band, the  
A t  steady-state f low conditions, the  1 ines supplying the  heat exchanger 
contain f l u i d  a t  condi t ions essent ia l l y  equivalent t o  those e x i s t i n g  i n  the 
storage tank, and the re tu rn  l i n e  f l u i d  s t a t e  i s  approximately tha t  defined 
by the heat exchanger o u t l e t  condit ions. This s i t u a t i o n  allows the  f low i n  
the l ines  t o  be treated as incompressible. 
Figure 1 - 1  also contains a tabu la t ion  o f  the system components, ind ica t ing  
the  type selected f o r  character izat ion.  
Sys tern Interfaces 
For the purposes o f  t h i s  study, the external  pressur izat ion system i s  
considered t o  consist  o f  on ly  those elements i n s t a l l e d  i n  the r e c i r c u l a t i o n  
loop, inc lud ing the cryogen supply and re tu rn  l ines.  The nature of the  i n t e r -  
faces d i f f e r  somewhat as a funct ion o f  the  heat source employed, as i s  shown 
on Figure 1-2. 
Where the f l u i d  heat sources ( t h e  FC-75 o r  H2-02 combustion products 
streams) are used, it i s  assumed tha t  the proper f low rate, a t  the i n l e t  con- 
d i t i o n s  desired, i s  ava i lab le a t  any t ime the Lxternal  pressur izat ion i s  
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FLOW h YOTOR 
VALVE p - g  ELECTRI CAL HEATER ON AS DEHANDED BY CONTROLLER 
TRANSPORT 
FLUID OR 
HOT GAS 
SOURCE 
ALWAYS ON 
I 
8 
POWER SOURCE 
115:,, 400 HI; 
21, VDC 
CHECK 
VALVE - 
1 
*R - 
WITHDRAWAL RECIRCULATION 
RLOW 
Maior Cmwnents 
Flow Valve 
Control U n i t  
Ko t o  r 
Heat Exchanger 
Check Valve 
L i  nes 
Type Characterized 
Pressure actuated poppet. 
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actuated. 
heat exchanger continuously o r  tha t  the  systems supplying these streams possess 
c o n t r o l s  such tha t  the in te r face  condi t ions are s a t i s f i e d .  
This implies tha t  these streams f low through t h e  hot side o f  the  
A t  the vehic le  e l e c t r i c a l  interface, it i s  assumed t h a t  the quant i t y  o f  
power indicated i n  the system analysis i s  ava i lab le  e i t h e r  as 28 vdc o r  115 v, 
400 Hz ac. 
The cryogenic stQrage tank in te r face  i s  considered t o  supply f l u i d  a t  t h e  
condi t ions speci f ied by the tank pressure and r e c i r c u l a t i o n  mode (vapor or  
l i q u i d )  choser,, i., ;he case o f  a s u b c r i t i c a l  storage system. 
storage systems the s t a t e  o f  the f l u i d  supplied i s  given by the tank pressure 
and the stored f l u i d  density, o r  quant i ty .  F l u i d  re turn ing t o  the tank i s  a t  
a st,: given by the  heat exchanger o u t l e t  condit ions. It i s  assumed t h a t  com- 
p l e t e  mixing o f  the tank contents occurs dur ing operat ion o f  the  pressur izat ion 
system. This resul ts  i n  se lec t ion  o f  a conservative value f o r  the rec i rcu la -  
f low rate.  
For s u p e r c r i t i c a l  
A f u r t h e r  assumption i s  made r e l a t i v e  t o  s u b c r i t i c a l  storage systems: the  
f l u i d  phase chosen by the  user f o r  r e c i r c u l a t i o n  i s  considered t o  be avai able 
a t  the  supply l i n e  i n l e t  a t  a l l  times when system operat ion i s  required. This 
implies t h a t  the  tank contains provis ions f o r  proper o r i e n t a t i o n  o f  the  1 quid 
or  vapor phases o r  t h a t  the  vehic le  accelerat ion i s  such t h a t  loca t ion  o f  the 
phases i s  known. 
The vehic le  mounting in te r face  was not considered i n  d e t a i l  i n  t h i s  study, 
although nominal allowances f o r  mounting arrangements were considered i n  the  
system i n s t a l  l a t  ion weight and cost character i ra t  ions. 
Study Ground Rules 
The fo l low ing  set o f  ground rules, which guided development o f  t h e  manual, 
t o  observe: are important 
The 
est 
0 Des 
rec 
design manual i s  intended t o  provide a simple, rap id  method c f  
mating system charac ter is t i cs  f o r  planning purposes. 
gn o f  components assumes steady-state f low condi t ions w i t h  
r c u l a t i o n  f low r a t e  based on a homogeneous tank state. 
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Flow i n  t ransfer  l i n e s  i s  t rea ted  as being imcompressible, w i t h  the 
densi ty  evaluated a t  e i t h e r  tank condi t ions or heat exchanger o u t l e t  
cond i t ions. 
0 The e l e c t r i c a l  heat source i s  considered appl icable on ly  f’ low 
power input requirements; thus, character izat ion o f  t h i s  device was 
r e s t r i c t e d  t o  ranges corresponding t o  the  vapor de l ;  t - r y  f l o w  ;ates 
o f  Table 1 - 1 .  
0 The t ranspor t  f l u i d  heat source i s  considered usefu l  f o r  low-to- 
moderate rates of energy input;  therefore, the  FC-75 heat exchanger 
Character izat ion a1 lows r e c i r c u l a t i o n  f lows as f o l  lows: 
Hyd togen 
Oxygen 
N it rogen 
50 l b  per  h r  
100 l b  per  hr  
20 l b  per hr  
0 The hot gas heat source i s  considered t o  apply t o  the  e n t i r e  f l ow  
range. 
I n  add i t i on  t o  the po in ts  noted above, the  user should be aware o f  the  
basis establ ished f o r  t he  cast  informat ion presented i n  t h i s  report .  
There are. very 1 i t t l e  pub1 ished data on the costs o f  components used i n  
t h i s  study. Consequently, the cost data provided i n  l a t e r  sect ions are  based 
on AiResearch cost records f o r  simi l a r  components, p rac t i ca l  experience i n  the 
design and development o f  such components, and estimates o f  the  man hours 
required t o  produce the components. 
The cost estimates are based on technology e x i s t i n g  i n  1971 and on the  1971 
value o f  the do l la r .  
An hour ly  r a t e  o f  $15 per hr i s  assumed. 
The component costs suggested here represent cost t o  the se l le r ,  not  t o  
the  buyer; therefore,  p r o f i t  and general and admin is t ra t ion costs a re  not in- 
cluded i n  the  cost analysis. Furthermore, on ly  p red ic tab le  costs i n  the  design, 
development and manufacture o f  the components are included. This includes de- 
sign, development, manufacture, and acceptance t e s t i n g  o f  each component, but  
does not include q u a l i f i c a t i o n  test ing,  documentation, o r  p rov is ion  f o r  expenses 
AlkESELRCH MANUFACTURING COMPANY ’ 
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incurred i n  contract  changes. These l a s t  three items can vary g r e a t l y  from 
contract  t o  contract  and are h i g h l y  dependent on the  intended use o f  the system. 
Hence, character iz ing t h e i r  costs i n  a handbook i s  extremely d i f f i c u l t ,  i f  not 
impossible. 
The cost analysis was based on a production quant i t y  o f  15 t o  20 uni ts .  
The cost can be expected t o  decrease if more u n i t s  are produced; however, the  
values given w i l l  remain r e l a t i v e l y  constant up t o  50 uni ts .  Above t h i s  quan- 
t i t y ,  the costs w i l l  decrease by approximately IO percent f o r  each 100-percent 
increase i n  u n i t s  produced beyond 50. 
RECOMMENDED RELATED EFFORTS 
The studies conducted i n  t h i s  program d i d  not ind icate a need f o r  basic 
research; however, a need f o r  appl ied research was indicated i n  two areas: 
development o f  more sophist icated t o o l s  f o r  d e t a i l  system design, and (2) devel- 
opment o f  combust ion products-to-cryogen heat exchangers, should combust ion 
products be selected as a source of energy f o r  s p e c i f i c  appl icat ions.  
these areas o f  suggested addi t ional  e f f o r t  are discussed below. 
( I )  
Each o f  
Deta i led System Desiqn Tools 
The design procedures developed i n  t h i s  program are based on steady-state 
condi t ions as we l l  as complete mixing o f  the  rec i rcu la ted  f l u i d  w i t h  the  stored 
f l u i d .  As previously mentioned, these design procedures lead t o  conservative 
resu l ts  f o r  most appl icat ions;  i n  the  d e t a i l  design phase and f o r  performing 
mission simulat ions f o r  s p e c i f i c  systems, dynamic modeling w i l l  be required. 
I t  i s  therefore suggested t h a t  genera l ize j  dynamic modeling o f  cryogenic 
storage systems employing rec i  r c u l a t  ion-type pressur izat ion be undertaken. 
The dynamic modeling o f  t h i s  type o f  a system,can be l o g i c a l l y  d iv ided 
( I)  modeling the  dynamic behavior o f  the stored f l u i d  as i n t o  three parts:  
inf luenced by the environmental condit ions, vessel configuration, vessel 
dimensional changes, the  e x i t i n g  f l u i d  stream,and the  return ing r e c i r c u l a t i o n  
stream; ( 2 )  dynamic modeling o f  the  external  r e c i r c u l a t i o n  loop and i t s  com- 
ponents including coptro l  responses; and (3)  i n tegra t ing  the two items above 
i n t o  an overa l l  system dynamic model. Some o f  the  e f f o r t  required t o  accom- 
p l i s h  the f i r s t  item--by f a r  the most d i f f i c u l t  o f  the three items-has been 
- 
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accomplisL?d i n  past NASA e f f o r t s .  The major task required i n  t h i s  area i s  
the extension o f  the e x i s t i n g  ana ly t i ca l  .-pproaches t o  handle two-phase f l u i d  
Approaches t o  developing the exte 
system model, though complex, are wel l  
a generalized format t o  provide analys 
ing parameters and component types. 
s i tuat ions,  inc lud ing in te r face  heat and mass t rans fer .  
nal  r e c i r c u l a t i o n  loop aiid integrated 
be developed i n  
on o f  system operat- 
unders tood 
s over a w 
and could 
de v a r i a t  
Combustion Products-to-Cryoqen Heat Exchanqers 
For many appl icat ions,  combustion products o f f e r  the most su i tab le  source 
o f  energy f o r  cryogenic storage pressur izat ion systems- the  Space Shut t le  i s  
one such appl icat ion.  The combustion products-to-cryogen heat exchanger i s  
considered the c r i t i c a l  component f o r  such pressur iza t ion  systems due t o  the  
large temperature gradients w i t h i n  the u n i t  and the thermal cyc l i ng  t o  which 
i t  i s  subjected. For t h i s  reason it i s  suggested tha t  development work be 
undertaken on t h i s  type o f  heat exchanyer. 
I n i t i a l  e f f o r t s  toward developing combustion products-to-cryogen heat 
exchangers have been undertaken a t  AiResearch. These e f f o r t s  have resul ted i n  
the  se lec t ion  o f  a heat exchanger conf igurat ion consis t ing o f  an annular tube 
bundle contained w i t h i n  a she l l .  
tes ted  w i t h  promising resul ts .  The weight of heat exchangers based on t h i s  
conf igura t ion  are s i g n i f i c a n t l y  1 igh ter  than other approaches considered to  
date; f o r  t h i s  reason, f u r t h e r  cevelopment appears warranted. 
Sample tube bundles have been fabr ica ted  and 
AIRESEARCH MANUFACTURING COMPANY 
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SECTION 2 
SELECTION OF SYSTEM AND COMPONENT MODELS 
The f i r s t  task required by the study was adoption of a system model. 
From t h i s  the  component requirement can be establ  ished, a l  lowing work t o  
proceed on the  se lect ion o f  components and data-gathering f o r  the  var ious 
ana ly t i ca l  e f f o r t s .  To ensure a proper frame o f  reference f a r  t h i s  task, 
the ava i lab le  informat ion r e l a t i v e  t o  external  pressur izat ion systems was 
rev i ewed. 
LITERATURE SEARCH 
A search o f  the published l i t e r a t u r e  was undertaken making use 0: the  
resources o f  the AiResearch technica l  l i b r a r y  and the  NASA S c i e n t i f i c  and 
Technical Informat ion Div is ion.  Although considerable informat ion i s  ava i l -  
able i n  the  f i e l d  o f  cryogenic storage system pressur izat ion,  no c i t a t i o n s  
were found which were d i r e c t l y  appl icable t o  rec i rcu la t ion- type systems. 
However, sources o f  bas ic  informat ion f o r  the  various system elements are 
avai lab le.  Where appl icable, these are  referenced i n  the appropr iate 
component discussions. 
SYSTEM MODEL 
I n  general, de l i ve ry  o f  f l u i d  from a cryogenic storage tank w i l l  require 
tha t  energy be added t o  the thermodynamic system represented by the tank and 
i t s  contents. The ra te  o f  energy add i t i on  i s  def ined by the desired tank 
pressure and f low charac ter is t i cs  and the f i r s t  law of  thermodynamics. 
pressure i n  most appl icat ions i s  desired t o  be a constant value. For small 
f low rates, the energy add i t ion  due t o  heat leak through the tank thermal 
p ro tec t ion  media may be adequate; la rger  flow rates w i i l  requi re  tha t  pro- 
v is ions  f o r  add i t iona l  energy add i t ion  become a p a r t  o f  the ove ra l l  storage 
system design. 
Tank 
I n  many cryogenic storage sysLerns act ive  heat ing devices have been in-  
' s ta l led  w i t h i n  the f l u i d  storage vessel. 
included equipment f o r  convecting f l u i d  over o r  through the heat ing device. 
I n  addition, some systems have 
AIRESEARCH MANUFACTURINO COMPANY 
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Such i n s t a l l a t i o n s  pose problems w i t h  regard t o  safety, m a i n t a i n a b i l i t y  and 
modi f icat ion o f  f low charac ter is t i cs .  
of an external  f low loop which rec i rcu la tes  stored f l u i d ,  re turn ing warmed 
cryogen t o  the storage vessel. I n  an external  pressur izat ion system o f  t h i s  
type, a l l  dynamic components associated wi th the  energy add i t i on  are located 
external  t o  the tank system. Safety i s  improved and components may be main- 
ta ined o r  modif ied without major rework o f  the storage tank. 
These problems may be a l l e v i a t e d  by use 
Select ion o f  Model 
The concept considered i n  t h i s  study consists o f  a rec i r cu la t i on  f low 
loop containing a pump o r  fan which induces f low from the tank through a heat 
exchange device and, thence, back i n t o  the f l u i d  vessel. 
needed include valves, sensors, and cont ro l  elements f o r  f l ow  contro l  and a 
means o f  d r i v i n g  the pump o r  fan. For t h i s  study, the sources o f  heat were 
speci f ied as e l e c t r i c a l ,  t ranspor t  f l u id ,  and hot gas. 
was spec i f ied  f o r  the pump. 
Other components 
E l e c t r i c  motor d r i v e  
For accompl ishrnent o f  the  bas ic  f u n c t i m  o f  the  system, tank pressur izat ion 
dur ing de l i very  o f  f l u i d ,  a simple ser ies arrangement o f  the system elements 
is x s t  sa t is fac to ry .  Speci f ic  appl icat ions,  o f  course, can c a l l  For use of 
more cor;iplex system arrangements. The basic system arrangemer. and fou r  
special ized c i r c u i t s  are shown i n  Figure 2-1. 
The basic arrangement o f  Figure 2-la i s  su i tab le  f o r  a l l  app l i ca t ions  
considered i n  t h i s  study. The f low cont ro l  valve has the func t ion  o f  i n i t i a t -  
ing f low i n  the  loop when storage tank pressure f a l l s  below the selected lower 
operat ional  1 i m i t .  Although valve operat ion can be pneumatic, con t ro l  elements 
are required t o  e n e r g i z ~  the  pump motor when the f low va lve opens. F l u i d  i s  
then c i r cu la ted  through the heat exchanger, and returned t o  the  tank a t  an i n -  
creased energy leve l  through the check valve. The check valve serves t o  i s o l a t e  
the external  loop t o  prevent heat t rans fer  due t o  thermal pumping e f fec ts  
durit?g no-flow periods. 
however, i f  the re tu rn  stream i s  routed t o  the l i q u i d  region o f  the tank i n  
order t o  provide a g i t a t i o n  o f  the stored f lu id ,  i s o l a t i o n  of the external  loop 
w i l l  be necessary. 
I n  many instances, t he  check valve may not be required; 
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The vapor compression arrangement shown i n  Figure 2- lb d i f f e r s  on ly  i n  the 
1oLclLirsn o f  the f l u i d  moving device, which now must bc considered t o  be a 
compressor o r  fan. 
lead t o  very d i f f i a i l t  pump design requirements. 
a t  the heat exchanger o u t l e t  condi t ion w i l l  r esu l t  ir; much higher power con- 
sumption and may a lso increase component cost. Since the  systems dea l t  w i t h  
i n  t h i s  study w i ; l  requi re  cjr?ly small o r  moderate pressure r i s e  f o r  c i r c u l a t i o n  
i n  the external loop, c a v i t a t i o n  a t  the pump i n l e t  does not  present a ser ious 
problem. I n  t h i s  case, the approach o f  Figure 2-Eb appears t o  apply p r i m a r i l y  
t o  s i tua t ions  where Ln ex i s t i ng  cDmpressor u n i t  i s  t o  be adapted to  a system. 
This approach has mer i t  on ly  where c a v i t a t i o n  considerat ions 
Use o f  vapor compressim 
The system presented i n  Figure 2-IC adds a bypass loop 2nd cont ro l  valve 
t o  the basic system arrangement; the valve allows wzrm f l u i d  from the heat 
exchanger o u t l e t  t o  be mixed with the stream from the  tank t o  cont ro l  the  heat 
exchanger i n l e t  temperature. 
changer freeze-up i s  a problem. For a spcc i f - ic  design point, i t  i s  genera l ly  
possible t o  select  the heat exchanger ds5iiJt1 such tha t  f reez ing does not  occur; 
however, t h i s  may not be possible where the cryogen or heat source f l u i d  i n l e t  
conditions vary over a wide range dur ing Gperation. 
This technique can be employed where heat ex- 
Figure 2-Id indicates an arrangement which al lows the  rec i r cu la t i on  f l ow  
t o  bypass the heat exchanger. 
po ten t ia l  provided by the pump t o  be employed f o r  a g i t a t i o n  o f - t h e  tank con- 
teots. Heating o f  the stream i n  t h i s  case would be l i m i t e d  ts that  due t o  the  
heat leak and the pump head rise. While t h i s  technique may be o f  value iii sane 
si tuat ions,  i t  would not appear t o  have general appl icat ions.  
This fea ture  imuld permit the  f l u i d  dynamic 
The system o f  Figure 2-le incorporates a vent cont ro l  feature i n t o  the  
pressur izat ion loop. The concept presented has appl icat ions t o  two-phase 
storage systems where venting o f  the high-energy vapor phase i s  preferable, 
since t h i s  resu l ts  i n  the desired pressure decrease a t  the  expense o f  less 
f l u i d  lass. To achieve th is ,  t h e - f l o w  contro l  valve must be actuated a t  both 
the lower operational pressure and a t  the  vent pressure l i m i t .  I n  the  f i r s t  
case, fvnct ion ing o f  the loop i s  as f o r  the basic system; i n  the  l a t t e r  case, 
the vent bypass valve d i ve r t s  f l ow  through the  vent cont ro l  loop, where a 
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por t i on  of t he  stream i s  routed through a t h r o t t l i n g  device; due t o  thp 
temperature decrease accompanying t h i s  expansion, the t h r o t t l e  stream i s  able 
t o  absorb heat from the u n t h r o t t l e d  strean, thus being vaporized i n  the vent 
control  heat exchanger p r i o r  t o  venting overboard. The cooled, u n t h r o t t l e d  
stream i s  then returned t o  the tank. 
Several condit ions must be met t o  make use of t h i s  approach. 
vent cont ro l  loop niust be arrapged t o  ensure t h a t  the energy increase due t o  
rec : rcu la t ion  (i.e., heat lezk and pump head r i s e )  i s  less than the  energy 
removal e f fec ted  by the vent stream. I n  addit ion, i t  i s  necessary t h a t  t he  
venting and pressur izat ion requirements be such t h a t  the pump design i s  
appl icable t o  hoth. 
subsystem i s  preferable t o  i n teg ra t i on  o f  these functions. 
F i r s t ,  t h e  
I n  many cases, it may be found tha t  a separate vent ccnt ro? 
Consideration o f  t he  foregoing possible arrangements, together w i t h  t h e  
system interfaces defined i n  Section I ,  leads t o  the conclusion t h s t  on ly  the  
basic system o f  Figure 2- la i s  germane t o  generalized charac ter iza t ion  o f  
exte,-nal p ressur iza t ion  systems. 
arrangements makes consideration o f  these more appropriate t o  t h e  pre l  iminary 
design phase o f  the design o f  s p e c i f i c  systems. 
cha rac te r i s t i cs  over a wide range, it i s  more appropriate t o  employ the  basic 
system arracgament as a baseline. 
The i l m i t e d  a p p l i c a b i l i t y  o f  mrs complex 
For development of system 
Operational Considerations 
As noted above, t he  external pressur izat ion sistem operates between two 
pressure leve ls  which encompass the nominal tank pressure. 
i n i t i a t e d  when the pressure f a l l s  t o  the lower l i m i t ;  shutdown o f  the system 
takes place when the upper l i m i t  i s  reached. 
system involves t rans ien ts  w i t h  respect t o  the  l i n e s  and the  heat excnanger 
during a duty cyc leand  w i t h  respect t o  thermai soak-back t o  the  tank fo l l ow ing  
a duty cycle. Analysis o f  these involves the performance and mass character- 
i s t i c s  o f  both the pressur izat ion system and the tank system. 
analysis of a spec i f i c  system presents no conceptual problem, use of f a i r l y  
soph is i t i ca ted  computer techniques are mandatory. 
System operation i s  
Clearly, operation o f  a rea l  
While the  
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For general ized handbook presentat ion, on ly  procedures based on a steady- 
s ta te  design po in t  ore feasible.  This, however, does not i nva l i da te  the  re- 
s u l t s  thus obtained. 
determine the 1 i m i t  ing pressure vslues and charac ter is t i cs  requi red o f  the 
controls,  the w i g h t  and cost der ived from steady-state condi t ions w i l l  remain 
representat ive for the system. 
Since the major e f f e c t  o f  the t rans ien ts  w i l l  be t o  
Slrstern Desiqn Approach 
The cha rac te r i s t i cs  o f  a system design are determined by the  character- 
i s t i c s  o f  the components which make up the system. 
design approach upon which the Design Reference Manual was t o  be based re- 
qu i red tha t  the component design re la t ionsh ips  be considered because the  var icus 
procedures must intermesh such tha t  a v a l i d  system design i s  def ined wi thout  
excessive e f f o r t .  
Thus, establishment of the  
To t h i s  end, Table 2-1 i s  useful .  The ma t r i x  presented here categorizes 
the  informat ion desired from each o f  the  areas and def ines the  informat ion neces- 
sary t o  ob ta in  these resul ts .  Table 2-1 makes c lea r  wha? forms o f  ind iv idua l  
and system design procedures are  possible. 
For instanca, Tsble 2-1 shows tha t  knowledge of the  r e c i r c u l a t i o n  loop 
f l ow  ra te  i s  essent ia l  t o  t52 analyses. However, t h i s  quant i t y  i s  a func t ion  
of the heat exchanger o u t l e t  temperature. Thus, it i s  necessary t o  choose one 
o f  these var iab les a t  the outset o f  the  analysis. 
rncst conveniently f ixed, so t h i s  approach was chosen. 
be found which would guarantee the correctness of the a p r i o r i  select ion,  
i t e r a t i o n  w i th  respect t o  out l e t  temperature became necessary a t  the  system 
design leve l .  
The o u t l e t  temperature i s  
Since no method could 
Returning t o  Table 2-1, it can be seen tha t  pressure loss ( o r  i t s  
inverse, w i th  respect t o  the pump, pressure r i se )  i s  among the informat ion 
necessary t o  the determination of the  desired component charac ter is t i cs .  
ever, considerat ion o f  the 1 ine and heat exchanger charac ter is t i cs  leads 
t o  the conclusion tha t  t h i s  var iab le  can be t rea ted  sLliewhat loosely. 
the pressure loss i s  re la ted  t o  the f low area o f  both these cmponents, the 
HOW- 
Since 
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Item 
sys tern 
Transfer 
Equ i prnent 
Heat 
Add it ion 
Equ i pment 
Pumps 
Motors 
TABLE 2-1 
REQUIRED SYSTEM AND COHPONENT INPUT INFORHATION 
Results 
Des i red 
Total weight 
Power consumption 
Total cost 
Line size * 
Weight of lines and 
cost 
associated equipment 
Size 
Weight 
cost 
Size 
We i ght 
Power 
cost 
Ueight 
Power 
cost 
A I R W R C H  MANUFACTURING COMPANY 
Lo.-- 
Input Information 
Des i red 
Fluid species 
Fluid quantity 
S t o rage p res s u re 
Delivery schedule (flow rate as 
function of quant i ty) 
Heat source characteristics 
Electrical powr source 
Transfer 1 ine length 
Total pressure loss a1 lowable -. . . 
Recirculation flow rate 
Line length and routing con- 
Allowable pressure loss 
figuration 
Recirculation flow rate 
Heat transfer required 
Heat source characteristics 
Allowable pressure loss 
Recirculation flow rate 
Pressure rise required 
Rotational speed 
Shaft output power 
Rat at i ona 1 speed 
Power source 
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design procedures can be chosen t o  a l low freedom t o  vary geometry and, 
u l t imate ly ,  pressure loss. I n  the f i n a l  analysis, it was decided t o  employ 
a target  o v e r a l l  loss i n  t h e  system procedure. This could then be apportioned 
t o  the components and used as a guide i n  those analyses. However, i t  was 
c lear  t h a t  t h i s  ta rge t  loss should not be c lose ly  adhered to; otherwise, 
completely unacceptable geometric resu l ts  could be forced on the designer. 
Through analysis o f  the requirements and r e s u l t s  as indicated above, a 
de ta i led  system design procedc;re was establ  ished. 
i n  l o g i c  diagram form i n  Figure 2-2. 
the sections o f  the  Design Reference Manual which contain t h e  necessary design 
data. 
This technique i s  presented 
The dashed boxes on t h i s  chart  r e f e r  t o  
Select ion o f  Heat Sources 
A t  t h i s  p o i n t  it i s  necessary t o  more c lose ly  def ine the sources o f  energy 
t o  be employed i n  the  pressur izat ion system. Three t y p e s - e l e c t r i c a l ,  t rans- 
p o r t  f l u i d ,  and hot gas--were spec i f ied  f o r  inc lus ion i n  t h i s  study. The 
e l e c t r i c a l  source does not require f u r t h e r  d e f i n i t i o n ;  f o r  t h e  two f l u i d  
sources, s p e c i f i c  select  ions are needed. 
I. Transport F l u i d  Heat Source 
Here, it was assumed t h a t  the a v a i l a b i l i t y  o f  warm heat t ranspor t  f l u i d  
loops imp1 ied the  use o f  f u e l  c e l l  power systems. Thus, t y p i c a l  f u e l  c e l l  
coolants were considercd as candidate t ranspor t  f l u i d s .  
d icated t h a t  the  most l i k e l y  f l u i d s  f o r  t h i s  app l i ca t ion  are: 
Past usage has in- 
Mater-g l yco l  
Freon-El 
FC-75 
O f  these, water-glycol presents the greatest  p o t e n t i a l  f o r  heat exchanger 
freeze-up. 
FC-75 possesses a lower vapor pressure character is t ic ,  and is thus prefer red 
f o r  f u e l  c e l l  coolant service. Therefore, the  t ranspor t  f l u i d  considered i n  
t h i s  study w=s taken t o  be FC-75. Consistent w i t h  the f u e l  c e l l  assumption, 
the  FC-75 was assumed t o  be avai lab le a t  temperatures i n  the range 500'R t o  
700°R, and a t  pressures from 30 t o  100 psia. 
Although the remaining two are usable to  temperatures below -IOO°F, 
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2. Hot Gas Heat Source 
A v a i l a b i l i t y  o f  waste hot gas as a heat source was in terpreted 8s implying 
the  use o f  hydrogen-oxygen fue led a u x i l i a r y  power uni ts.  
f l u i d  i s  hydrogen-oxygen combustion products cons is t ing  la rge ly  o f  superheated 
water vapor. 
conducted under Contract NAS 9-1 1330, have indicated t h a t  2000°R i s  a reasonable 
maximum i n l e t  temperature. 
weight i s  general ly obtained a t  hot gas pressures near 100 psia. 
s u l t s  were adopted for tSe hot gas heat exchanger procedure prepared for  t h i s  
study. The ox id izer- to- fue l  r a t i o  implied by these se lect ions is 1.0. 
I n  t h i s  case, the 
Studies of cryogenic heat exchaiiger designs employing t h i s  f l u i d ,  
A f u r t h e r  conclusion i s  t h a t  minimum heat exchanger 
These re- 
COMPONENT MODELS 
A f t e r  establishment o f  a system design basis, t h e  requirements o f  the 
ind iv idua l  components were investigated, leading t o  adoption of approaches ar,d 
se lec t ion  of the  types t o  be characterized. 
As a guide t o  t h i s  e f f o r t ,  the maximum r e c i r c u l a t i o n  f l o w  r a t e  correspond- 
ing t o  the  upper de l i very  f l o w  ra tes o f  Table 1 - 1  was estimated based on tank 
pressures of 1000 ps ia  f o r  the vapor de l i very  cases and 150 p s i a  f o r  l i q u i d  
de l ivery ;  the  re tu rn  temperature was assumed t o  be 400°R, the minimum con- 
sidered f o r  t h i s  variable. 
presented i n  Table 2-2. 
The resu l ts  o f  t h i s  worst-case analysis are 
TABLE 2-2 
MAXIMtiM RECIRCULATION 
FLOW RATES 
~~ 
lapor Del i very  
,iquid Del ivery  
Tank 
Pressure 
ps ia  
IO00 
I50 
Reci rcu lat ion Flow 
en 
c,, 
Ib /hr  
0 t o  70 
b t o  2000 
Hydr -
TI' 
O R  - 
300 
56.6 
- 
0 t o  6 
0 t o  1250 
)gen 
hR, 
Ib /hr  
0-90 
0-0 
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Transfer Lines and Related Equipment 
Flow i n  the t ransfer  l i nes  i s  t reated as being incompressible, A t  
steady-state f low conditions, the f l ow  from the tank t o  the  heat exchanger i s  
best represented by the stored f l u i d  density, and the densi ty a t  the heat 
exchanger o u t l e t  i s  representat ive of the f l ow  from the heat exchanger t o  the 
tank. To f u l l y  va l i da te  t h i s  assumption, i t  i s  necessary t o  assure tha t  the  
Mach number ex i s t i ng  i n  vapor l i n e s  i s  0.2 o r  less. 
The l i n e s  are taken t o  consis t  o f  s ta in lass  s tee l  tub ing made up w i t h  
threaded f l u i d  connections. Both the f l ow  cont ro l  valve and check va lve are 
poppet-type valves, a design concept su i tab le  fur cryogenic service. 
con t ro l  valve i s  assumed t o  sense tank pressure, opening f u l l y  a t  the  lower 
operat ional  pressure band l i m i t  and c los ing  a t  the  upper l i m i t .  
a re obtainable w i t h  proper pneumatic design. 
The f l o w  
These features 
E l e c t r i c a l  con t ro ls  have been minimized, cons is t ing p r i m a r i l y  o f  a re lay  
contactor u n i t  t ha t  eliergizes the  pump motor and e l e c t r i c a l  heater c i r c u i t s  
( i f  employed) i n  response t o  a s ignal  from a f l ow  con t ro l  va lve poppet p o s i t i o n  
sensor. 
Heat Excha nqe rs 
Three types o f  heat exchangers are required t o  permit employment o f  the  
three spec i f ied  heat sources. 
1 .  E l e c t r i c a l  Heater 
This concept c a l l s  f o r  a simple u n i t  combining an annular f l u i d  passage 
w i t h  a sheathed resistance heat ing element. 
l i m i t  heater temperature r i s e  i n  no-flow s i t ua t i ons  and t o  i s o l a t e  the  heat ing 
element from the f l u i d ;  the l a s t  i s  necessary on ly  f o r  oxygen heaters. 
Features are  incorporated t o  
2. Transport F l u i d  Heat Exchanqers 
The design s i t u a t i o n  encountered here can be s a t i s f i e d  by s t ra ight - forward 
direct-exchange heat sxchanger approaches. 
freeze-up, a shell-and-tube design w i t h  a cross-para l le l  f l ow  conf igura t ion  
i s  most desirable. 
f l ow  w i l l  r esu l t  i n  lower wal l  temperatures than the selected approach, i n -  
creasing danger o f  f reez ing the t ranspor t  f l u i d .  
To minimize the p o s s i b i l i t y  o f  
More compact heat t rans fe r  surfaces o r  the use o f  counter- 
AIAESEARCH MANUFACTURING COMPANY 
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3. Hot Gas Heat Exchanqer 
This heat source presents the most d i f f i c u l t  heat exchanger design 
problem. The s t ruc tu ra l  design i s  most important because o f  the low design 
allowables a t  the 2000'R i n l e t  cond i t ion  and the extreme thermal gradients 
encountered i n  the un i t .  
temperature because the heat source f l u i d  consis ts  p r i m a r i l y  o f  water. 
I n  addi t ion,  c lose a t t e n t i o n  must be pa id  t o  wa l l  
To counter the f reez ing problem, the  cross-para l le l  f l o w  arrangement i s  
again adopted. For t h i s  un i t ,  however, the t r a d i t i o n a l  she l l  and tube concept 
i s  not sa t i s fac to ry  from a s t ruc tu ra l  standpoint. The large temperrLure 
gradients which would r e s u l t  through the  tube bank and around the she l l  
per iphery are not acceptable. Instead, another tubular  exchanger concept tha t  
has undergone development a t  AiResearch f o r  high-temperature appl icat ions has 
been selected. This i s  the  annular tube bundle design i n  which f l o w  i s  
d i rec ted  r a d i a l l y  outward and inward on successiye passes through a tube bun- 
d l e  arrangement i n  a hol low c y l i n d r i c a l  conf igurat ion.  Tube bank length 
presented t o  the f l o w  i s  decreased, and she l l  temperatures vary on ly  i n  the 
long i tud ina l  d i rect ion.  
While t h i s  concept has been the subject  of developmental e f f o r t  and 
appears t o  represent the state-of- the-art  i n  l ightweight,  high-temperature heat 
exchangers, i t  i s  not f u l l y  developed. Although the charac ter iza t ion  o f  heat 
exchanger s i ze  and weight i s , r e a l i s t i c ,  t he  cost charac ter iza t ion  i s  based on 
the assumption o f  a development s ta tus s im i la r  t o  tha t  e x i s t i n g  f o r  the v the r  
heat exchangers, thus prov id ing a p ro jec t i on  of the cost  l i k e l y  f o r  t h i s  u n i t  
a f t e r  completion o f  the needed technology development. 
Pumps 
Under the system model and the spec i f ied  system operat ional  ranges, the  
pumps may be ca l l ed  on t o  handle 1 i qu id  cryogen, saturated vapor, o r  super- 
c r i t i c a l  gas. The pressure r i s e  required o f  the r e c i r c u l a t i o n  loop appears 
t o  be small, t y p i c a l i y  o f  the order of I O  ps i  o r  less. 
coverage of  the design range, pump character izat ions were establ ished o\.dr the  
expected rec i r cu la t i on  f l ow  range f o r  pressure r i ses  up t o  100 psi: 
To assure adequate 
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rang 
rpm. 
p rov 
The des 
ng from 
The bu 
de good 
red pump c a p a b i l i t y  was found t o  c a l l  f o r  pump s p e c i f i c  speeds 
150 t o  5,000 rpm, based on a maximum ro ta t i ona l  speed of 100,000 
k of t h i s  range can be s a t i s f i e d  by cen t r i f uga l  pumps, which 
e f f i c i ency  i n  the range from 400 t o  5,000 rpm. The lower s p e c i f i c  
speeds ( f rom 150 t o  400 rpm) can be obtained by inc lus ion  o f  the Barske pump 
as a candidate. Speci f ic  speeds above 5,000 rpm are i n  the regime o f  a x i a l -  
f low machines. 
the problem condi t ions considered, i t  was decided t o  extend t.he pump character-  
i z a t i o n  t o  a spec i f i c  speed of  10,000 rpm. 
Although such high spec i f i c  speeds do not appear l i k e l y  fo r  
Two motor types have been s e l e c t d  f o r  inc lus ion  i n  t h i s  study t o  prov ide 
f l e x i b i l i t y  w i th  respect t o  e l e c t r i c a l  power source and ro ta t iona l  speed. 
These are the 3-phase induct ion motor considered t o  operate on 400-Ht power 
and the brushless dc motor, which may operate on e i t h e r  the ac o r  dc power 
sources. Induct ion m t o r  speeds are constrained t o  those corresponding t o  
even numbers o f  poles, Pole numbers from 2 t o  12 were considered, Brushless 
dc motor speed can be chosen a t  any value requi red up t o  100,000 rpm. 
Examination o f  the pump operat ional  rmge  indicates t h a t  approximately 
40 hp i s  the maximum motor shaf t  output l i k e l y  t o  be needed, The character i -  
zat ions presented, however, have been extended t o  the 100-hp level. 
USE OF THE COST CHARACTERIZATIONS 
The basis o f  the cost character izat ions f o r  the components d:scussed 
above has been def ined i n  Section I. Here, some observations on the nature 
and use o f  t h i s  informat ion are offered. 
For each cornponefit, two cost elements are provided: the recur r ing  cost 
and the nonrecurring cost. 
i s  produced and i s  re la ted  t o  the cost o f  materials, the t ime required f o r  
manufacture, the complexity o f  the manufacturing process, and the nature o f  
the acceptance t e s t  required f o r  the component. The nonrecurring cost  element 
occurs on ly  once dur ing the design, development, and product ion o f  a s p e c i f i c  
component design, and i s  re la ted  t o  the man hours required f o r  the design and 
The recurr ing cost occurs each t ime the component 
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development of the component, plus the manhours and material cost required to 
produce the tooling required by the component. 
The cost information can be applied hy the user in several ways: 
(a )  The individual cost elements can be summed, providing system 
recurring and non-recur ri ng el aments: 
c = ccr rs 
where C = system recurring cost rs 
Cr = component recurring cost 
and; 
c = cc ns n 
(2-1 1 
(2-2) 
where C = system non-recurring cost ns 
Cn = component non-recurring cost 
The system cost elements can be combined into a measure of cost per 
system if the total number of systems (n) is known, by prorating 
the non-recurring element over the n syscems: 
(b) 
ns c = c  + -  
S rs n 
C 
where 
(c) 
Cs = cost per system procured 
The total expenditure involved can be evaluated from: 
+ ‘ns T rs C = nC 
(2-3) 
Obviously, the technique chosen will depend on the objectives of the 
user; however, flexibility to satisfy many objectives i s  provided by the 
mzt hod of presentat ion. 
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SECTION 3 
THERHODYNAHIC MALYSIS 
Ct;?.RACTERIZATION APPROACH 
This section presents the cryogenic f i u i d  thermodynamic funct ions needed 
t o  evaluate the energy input required during f l u i d  wi'.hdrawal and the corres- 
pmding rec i r cu la t i on  f low rate which must be processed by the external  
pressur i t a t  ion system. 
The emphasis o f  t h i s  p rc jec t  was t o  provide a design reference manual f o r  
rapid design character izat ion and estimation o f  the  performance and cost o f  
external pressur izat icn systems. For t h i s  izason it was necessary t o  l i m i t  
the treatment o f  f l u i d  thermodynamics t o  those Conditions which are  amenable 
to handbook treatment and bear most d i r e c t l y  on the  design of pressur iza t ion  
systems. 
storage system consist o f :  
TSe major assumptions made r e l a t i v e  t o  operation c f  the cryogenic 
( I )  The storage pressure i s  maintained a t  a constant leve l  dur ing 
de l i very  o f  f l u i d  t o  the  using system. 
F l u i d  rec i rcu lated through the  external p ressur iza t ion  loop 
mixes completely w i th  the tank ccntents on return t o  the tank. 
(2 )  
The f i r s t  assumption ernbodies the  usual approach t o  tank pressure contro l  ; 
the second implies tha t  thermal s t r a t i f i c a t i o n  o f  t he  tank contents does 
not take place. 
pressur izat ion system, the rec i r cu la t i on  flow requirements are markedly . 
decreased except f o r  the case o f  superc r i t i ca l  storage o f  hydrogen in t h e  low 
density region. I n  t h i s  case the r e c i r c u l a t i o n  f low requirements f o r  most 
extreme s t r a t i f i e d  conditions-no mixing a t  a l l - - a r e  s l i g h t l y  greater than 
f o r  the complete mixing condit ions assumed; t h i s  di f ference does not s i g n i f i -  
cant ly  a f f e c t  the pressur inat ion system design, however. 
the components o f  the external pressgr i ta t  ion are concerned, the  homogeneous 
stored f l u i d  assumption provides 
design point .  
Skoulc' s t r a t i f i c a t i o n  resu l t  from operat ion of the external  
Thus, as f a r  as 
a reasonable and general ly conservative 
AIREX.'\RCH YAWUFACTURING COMPANY 
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As to operation of  the pressurization system, if designed for the h m g e n -  
ous condition, the following observations can be made: 
( I )  Short duty cycles by the resirculat ion 100:~ would supply most with- 
drawal periods; for long withdrawal periods, intermittent operat ion 
would occur. 
(2) Limited stratification within the storage volume could be intention- 
ally permitted; in the case of large subcritical tanks, this feature 
could be used to provide a net positive suction head (NPSH) to down- 
stream pumps. 
design point of the components of the pressurization system. 
As mixing occurs after development o f  a stratified condition, the 
tank pressure will decay (either slowly or rapidly); t h s ,  recir- 
culation loop duty cycles can be expected between withdrawal 
periods to correct the pressure decay. 
The homogenous model sti 1 1  provides a conservative 
(3) 
Detail description of the behavior of the integrated cryogenic storage/ 
external pressuritat ion systems requires complete model ing of both systems 
and the use o f  computer programs for thermal stratification simulation and 
external pressurization system transient analysis. This type of system model- 
ing is considered essential in the detail design phase of dewloping an external 
pressur izat ion system. 
The remainder of this section consists of an introduction of the thermo- 
dynamic functions for energy addition and recirculation flow requirements 
for constant pressure and homogenous operation of the storage system. 
is fol1ow;d by a presentati on of the pressurization flow requireients for 
nonmixing strat if ied operat ion. 
This 
THERMODYNAMIC RELATIONSHIPS 
For the constant pressure, homogeneous tank model treated here, the 
relationship between t t , t  delivery flow and recirculation flow is determined 
from a first-law energy balance. 
thermodynamic system considered consFsts of the mass of’stored fluid at any 
time. 
as : 
For development of this expression, the 
The first law of thermodynamics applied to this system can be written 
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q = mdH + Hdm - 1 dp - P d l  - Hadm + Hadrn_ - H2dmr 
where 
(3-1) 
q = a d i f f e r e n t i a l  quant i t y  o f  heat anergy 
m = the stored mass c f  f l u i d  
H = the s p e c i f i c  enthalpy o f  the f l u i d  
- V = the tank volume 
K = the s p e c i f i c  enthalpy of the e x i t i n g  f l u i d  a 
dmr = a d i f f e r e n t i a l  quant i t y  mass rec i rcu la ted  i n  the external  
pressu r i  zat ion loop 
H2 = enthalpy of f l u i d  re turn ing t o  the  storase tank from the  
p ressu r i t a t  ion loop 
Considering constant pressure operat ion and neglecting tank volume changes due 
t o  temperature changes, Equation 3- I reduces t o :  
q = mdH + Hdrn - Hadm + Hadrr - H2dmr (3-2) 
In t h e  case o f  homogenous s u p e r c r i t i c a l  storage, t he  enthalpy of t he  e x i t i n g  
f l u i d  can be taken as equal t o  tha t  o f  t he  stored f l u i d ,  and Equation 3-2 
reduces to :  
q = mdH - (H2 - Ha) dmr (3-3) 
which can be rewr i t t en  as:. 
= -p(ap, ) dm - (H2 - Ha) dmr ( 3 - 4 )  
The most conservative case resu l t s  i f  i t  i s  assumed t h a t  a l l  energy 
added t o  the  system i s  suppl ied by the external  pressur izat ion system (i .e. 
q = 0). Then not ing:  
AIRESEARCH MANUFACTURING COMPANY 
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where : 
bR = the pressur izat ion loop f low ,a te 
bD = the  de i i very  ra te  
and making the fo l low ing  change i n  notat ion:  
H = H = the  tank e x i t  enthalpy o r  i n l e t  enthalpy t o  the external  
a 1  
pressur izat ion loop 
Equation 3 4  can be ;t +ten as: 
which i s  t h e  desired r e l a t i o n  f o r  s u p e r c r i t i c s l  operation. 
In the  case o f  s u b c r i t i c a l  operation, e i t h e r  l i q u i d  or -vapor can be 
del ivered from the  tank and/or rec i rcu lated i n  the  pressur izat ion loop. 
Fol lowing the same genera l . l ines c f  development as above y i e l d s  t h e  fo l low ing  
r e l a t i o n s  f o r  s u b c r i t i c a l  operation: 
For l i q u i d  d e l i v e r y  
For vapor de l i very  
where 
A = t h e  l a t e n t  heat of vapor izat ion a t  the  p a r t i c u l a r  operat ion 
pressure 
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v and v v =  t he  s p e c i f i c  volume o f  the saturated l i q u i d  and vapor L 
respect ively 
It i s  noted tha t  the numerator i n  the r i g h t  hand side o f  Equations 3-6 through 
3-8 i s  the expression comnonly ‘referred t o  as the s p e c i f i c  heat input; 
these equations can there fore  be rewr i t t en  as: 
where 
q/fD = the  s p e c i f i c  heat input f o r  the part icu. lar  operation 
condi t ions 
The energy addi t  ion requirements f o r  the pressur izat ion system i s  then 
given by: 
Qi n = GR (H2 - H,! = hD (t) (3-10) 
Both q/h and b /h are needed i n  design o f  external  pressur izat ion D R D  
systems; t h i s  data i s  furnished in Figures 3-1 through 3-7. Figures 3-1, 
3-2, and 3-3 apply to. s u p e r c r i t i c a l  oxygen, nitrogen, and hydrogen, respectively. 
Here, q/kD i s  presented as a func t ion  o f  pressure and density, wh i le  G /h 
i s  a func t ion  of pressure, densi ty and loop discharge temperature, T2 (which 
corresponds t o  H2). 
R D  
For s u b c r i t i c a l  storage si tuat ions,  only l i q u i d  de l i ve ry  o f  oxygen ,qd 
hydrogen i s  considered. Two modes o f  r e c i r c u l a t i o n  loop operation are 
characterized: the I m p  can be taken t o  receive e i t h e r  saturated vapor o r  
saturated 1 iqu id  a t  i t s  i n l e t .  
For l i q u i d  de l i ve ry  o f  oxygen, the vapor and l i q u i d  r e c i r c u l a t i o n  options 
are t rea ted  on Figures 3-4 and 3-5, respectively. 
the same two condit ions f o r  hydrogen. 
Figures 3-6 and 3-7 cover 
The f l u i d  propert ies data used t o  develop Figures 3-1 through 3-7 are  pre- 
sented i n  Section 3 o f  the Design Reference Manual (Report 71-7535). 
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STAATIFICATIOII CONSIDERArIC!'~F 
Thermal st rat i f icat ic- !te stored contents sn result f r o i n  ground 
servicing, extended ground hold times in  E cone-9 envirorment, operation in a 
low-to-zero-9 environment, and operation of the external pressurization 
system. 
of stratification on pressurization loop flo\+ requirements. 
The following discussion is limited to consideration of the influence 
To investigate the potential influence of stratification on recirculation 
flord requirements, a simple two fluid model was used. This model represents 
the extreme case with respect to the degree of stratification resulting from 
operat ion of the pressurirat ion loop. 
The fluid recirculated to the tank was assumed to act as a separate body 
of fluid, void of heat and T ~ S S  transfer between the recirculated fluid and 
the stored fiuid. 
two active volunss within tho storage tank: 
which the delivered fluid i s  being supplied, termed VA, and (2) the volume 
into which the recirculation flow i s  er,',eriny, termed VB. 
voluris are changing duri.ig delive.. .f fluid and by definition for constant 
pressure operat ion: 
For constant pressure operation this condition leads to 
( I )  the volume of fluid from 
Both of these 
dVA = dU3 (3-1 I )  
The rate. at which mass i s  leaving the storage volume at  the exit port is 
given by: 
k = p d V  (3-12) out A A 
wne re 
= density of the stored fluid being delivered 'A 
Similarly, assuming the pressurization system heats the ;ecirculation flow to 
J fixed temperature, the recirculation flow is given by: 
GR = +dVB (3-13) 
where 
= the density o f  ' 5  recirculation flow stream as it reenters the PB 
storage volume 
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Then not ing that de 
D out 
and combining Equat 
\j = i f  
ivery rate GD is given by: 
- WR 
tils 3-11 through 3-14 yields 
(3-14) 
(3-15) 
Recirculation flow rate data are provided in Figures 3-8 through 3-12. 
.Figures 3-8, 3-9, and 5-10 apply to supercritical . -  oxygen, nitrogen, sild hydrosen, 
' GIR 
respectively. The recirculation . .  ratio - is a function of pressure, density, 
and pr-ssurizat ion loop discharge temperature T as indicated in these 
figures. 
2 
For subcriti.ia1 storage situations, only !iquid delivery of oxygen 
and hydrogen Is considered. 
be characterized: 
or liqliid at its inlet. Only the latter of these two is considered here; 
the data s given in Figures 3-11 and 3-12. The solution for the case of 
vapor rec rculation in the stratified model is time and volume dependent. 
Additiona ly this situation can lead to unrealistic results where small 
ullage volumes are initial iy present. 
Two modes of recirculatioii loop operation can 
the loop can be taken to receive either saturated vapor 
Figures 3-6 through 3-1 2 provide a comparison between the pressurization 
loop flow requirements for the homogenous model used in developing data fo,r 
the design reference manual and the stratified model discussed above. An exam- 
ination of these figures show that with the exception of supercritical hydrogen 
storage in the low density region, use of the homogenous mode1 gives con- 
servative results. For supercritical hydrogen storage in the low density 
region (densities be!ow approximately 2.5 lb/ft3, see Figuce ;-IC), the re- 
circulation flow required as given by.the Stratification mode1 is slightly 
greacer than that predicted by the homogenous model., Due to the relatively 
mill difference between the flow requirements predicted by the two models 
71-7537 
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i n  t h i s  region, the USQ of the homogenous model f o r  development o f  design 
point data i s  not expected t o  a f fec t  the  pressurization system design. 
Additionally, it should be remembered that  the two-fluid s t r a t i f i c a t i o n  model 
represents an extreme case; t h i s  degree of s t r a t i f i c a t i o n  would not actual ly  
resul t  for operation o f  the system. 
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SECTION 4 
LINES, VALVES AND CONTROLS 
Design o f  external  p ressur iza t ion  systems requires tha t  techniques be 
establ ished for  s i z i n g  the f l u i d  t rans fe r  and cont ro l  elements. 
need, a general i zed graphical procedure was developed f o r  i ncompressi b l e  f low 
i n  c i r c u l a r  ducts. This sec t ion  describes the procedure and presents re la ted  
informat ion t h a t  defines the cha rac te r i s t i cs  o f  t h i s  group o f  components. 
To supply t h i s  
LINE SIZING-PROCEDURE 
Select ion o f  l i n e  s ize  and the associated pressure drop under the assumed 
However, incompressible f low condi t ions does no t  present a d i f f i c u l t  problem. 
the ca lcu la t ions  can Lzcome tedious, p a r t i c u l a r l v  i f  i t e r a t i o n  o f  diameter i s  
necessary t o  s a t i s f y  a spec i f i ed  pressure drop. 
the analysis, a s i m p l i f i e d  procedure was defined f o r  use i n  the Design Reference 
Manua 1. 
To a l l e v i a t e  t h i s  aspect o f  
S i  z ing  Charts 
- The technique adopted i s  based on the fo l low ing  expression fo r  f r i c t i o n  
loss i n  a c i r c u l a r  duct: 
where f = Blasius (or  Darcy) f r i c t i o n  fac to r  
L = duct length 
D = duct diameter 
p = f l u i d  densi ty 
V = f l u i d  v e l o c i t y  
By introducing 
sect ion o f  the 
the equation o f  con t i  nui t y  and consi der i  ng thc  c i  r c u l  a r  cross- 
duct, Equation 4-1 can be rewr i t t en  as 
8 f LW2 
P p = z  -- 
gcn PD5 
where k = f l u i d  mass f low rate. The duct diameter, then, i s  given by 
(4-2) 
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I f  i n  Equation 4-3 reference values are assigned t o  the f r i c t i o n  factor,  
duct length, and pressure loss, a reference diameter, which w i  1 1  be noted as 
D3, can be def ined as a func t ion  o f  mass f low ra te  and f l u i d  densi ty :  
(4-4) 
Another reference diameter D can be def ined as a funct ion o f  D3 and a 2 
genela1 duct length L 4s fo l lows:  
I /5 
.= D3(*) 
(4-5) 
Clearly, D2 i s  a func t ion  o f  L, h, and p. 
e t e r  func t ion  than D3. 
Thus, D2 i s  a less r e s t r i c t e d  diam- 
I n  the same manner, a func t ion  DI  can be def ined as 
and f i n a l l y ,  
where Equation 
expression f o r  
The above 
DI = DE (< ) 
4-7 i s  now equivalent t o  Equation 4-3, representing a general 
duct diameter. 
resu l t s  ind ica te  tha t  four  re la ted  graphs can be prepared tha t  
when used i n  sequence a l low duct t o  be graph ica l l y  evaluated as a func t ion  o f  
the var iab les on the right-hand s ide o f  Equation 4-3. Figure 4-1 presents an 
example of such a ser ies o f  generalized curves; the curves have been arranged 
so tha t  common axes are used f o r  the intermediate diameter fuc t ions  D I ,  D2, and 
D3. This permits d i r e c t  p ro jec t io r l  from one curve t o  the succeeding curve. 
I n  the Design Reference Manual, two s i z i n g  char ts  are provided 
cover the range ‘of possible flows. 
t o  b e t t e r  
Evaluat ion o f  L ine Sizes 
Curve I o f  Figure 4-1 i s  generated by Equation 4-4 and curve 2 by Equation 
4-5. I n  curve 3, advantage i s  taken o f  the f a c t  t h a t  the f r i c t i o n  fac to r  f o r  
smooth tubing i s  a funct ion o f  on ly  the Reynolds number as shown on Figure 4-2. 
Thus, i t  i s  poss ib le  t o  present the Reynolds number as the parameter on t h i s  
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curve rather  than the f r i c t i o n  factor,  as would be expected from EquGtion 4-6; 
The f i n a l  curve (curve 4) i s  der ived from Equation 4-7. The Reynolds number 
used here i s  based on l i n e  i n l e t  condi t ions and i s  def ined by 
41;r - -  
Re - r r ~ p  ( 4 - 8 )  
where p = dywmic v iscos i t ’ i ,  
The lengths on curve 2 are labeled as equiva lent  lengths. By representing 
o ther  l i n e  losses, such as those due t o  area change, bends, f i t t i n g s  and valves, 
as equivalent lengths o f  s t r a i g h t  c i r c u l a r  tubing, the loss experienced by a 
complete tubing run can be evaluated on Figure 4-1. 
pr-i a te  equivalent length w i  1 1  be discussed 1 ater. 
Calcu lat ion o f  the appro- 
I n  using Figure 4-1, curve I i s  entered w i t h  the app l icab le  f l ow  r a t e  and 
density, y i e l d i n g  a value f o r  Dg. This  i s  used as a f i rs t -guess l i n e  s i ze  i n  
ca l cu la t i on  o f  the Reynolds number and equivalent length. Curve 2 i s  then 
entered w i t h  D 
t o  be consulted w i t h  D2 and the Reynolds number. 
then used w i t h  t h e  desired pressure loss t o  ob ta in  the necessary l i n e  s i z e  on 
curve 4. 
curve 1 .  
number and equivalent length should be recalcb lated based on the diameter found 
from curve 4. 
cess should continue u n t i l  reasonably c lose agreement between subsequent values 
o f  D i s  obtained. 
and the equiva lent  length t o  def ine D2, which al lows curve 3 3 
The value found f o r  DI i s  
The diameter found i s  compared w i t h  the f i  rst-guess s i ze  ( D  ) from 
I f  these are no t  w i th in  10 o r  15 percent o f  each other, the Reynolds 
3 
Curves 2, 3 and 4 are then employed t o  reevaluate D. This pro- 
I f  i t  i s  no t  mandatory t h a t  a s p e c i f i c  pressure loss be sa t i s f i sd ,  curve 4 
can be entered w i t h  D 
I ’  
determined. I f  t h i s  r e s u l t  i s  acceptable, the analysis can be considered com- 
plete, and no fu r the r  i t e r a t i o n  i s  requi red. 
and the pressure loss a t  the guess diameter can be 
I n  applying t h i s  procedure t o  the external  p ressur iza t ion  system, two 
l i n e  segments genera l ly  o f  d i f f e r e n t  s i r e  are considered. The l i n e s  from the 
tank t o  the heat exchanger, i d e n t i f i e d  as the co ld  leg, are t rea ted  as having 
a f l u i d  densi ty def ined by the tank conditions. 
l i n e s  and elements between the heat exhanger and the tank. 
i s  determined by the heat exchanger o u t l e t  conditions. 
evaluations are necessary f o r  each pressur iza t ion  system design. 
The ho t  l eg  comprises those 
Here, the densi ty 
Thus, two l i n e  s i ze  
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Where hepor flows i n  the 1 ine  segment, i t  i s  necessary t o  ensure t h a t  
the incompressible f low assumption embodied i n  Figure 4-1 i s  va l id .  Thus, 
the hot  l eg  always must be invest igated; the co ld  l eg  must be invest igated 
i f  vapor r e c i r c u l a t i o n  i s  being employed. The necessary v e r i f i c a t i o n  i s  
suppl ied by evaluat ion o f  the stream Mach number. 
t o  be less tban 0.2, compress ib i l i t y  e f f e c t s  can be taken t o  be n e g l i g i b l e  
(Refe;ence 3) .  
accomplished by ca l cb la t i on  o f  a f low parameter, which i s  def ined as 
I f  the Hach number is found 
I n  the Design Reference Manual, Mach number evaluat ion i s  
f F  (4-9) 
2 FP = 2 8 2 7 ~  0
where T i s  the l i n e  segment i n l e t  temperature. The Mach number i s  then found 
graph ica l l y  as a funccion o f  the f low parameter. 
The procedure discussed above, inc lud ing  the compressi b i  1 i t y  check, i s  
presented i n  l o g i c  d iag ram form on Figure 4-3. A f t e r  ob ta in ing  a sa t i s fac to rL  
l ine-size,  pressure-loss combination, the ove ra l l  l i n e  assembly cha rac te r i s t i cs  
are readi 1 y evaluated from i nformation prese 
E QU I VAL EN T LENGTH CALCULATION 
Determination o f  the t o t a l  l i n e  segment 
described above requi res t h a t  an equivalent 
The t o t a l  pressure loss o f  a l i n e  containing 
be expressed as 
ted  l a t e r  i n  t h i s  section. 
pressure loss  w i t h  the 'charts 
ength be def ined f o r  the segment. 
bends, f i t t i n g s ,  and valves can 
(4-10) 
where La = actual  length o f  l i n e  o f  diameter U 
K = sum o f  loss coe f f i c i en ts  due t o  l i n e  geometry (bends, area 
changes, etc.) 
( f)v=ciensi ;y-dependent valve loss cocyffi c i e n t  
I n  Equation 4-10, the loss coe f f i c i en ts  K are e::pressed as f rac t i ons  o f  the 
2 
head pV. 
2% 
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REYNOLDS NUHBER Re AND EQUIVALENT 
LENGTH Leq 
-LINE- - 
A T  LENGTH L, DIA. D, AND LINE PRESS. P, 
READ LINE WEIGHT AND LINE COST 
AT D3, L eq, AND Re, READ COMPLETE SIZ ING 
CURVE AND SELECT NEW D AKD PRESS. DROP AP 
-- I 
NUHBER 
COMPRESSIBLE FLOW 
(USE LARGER DIA. D) 
TEST (FOR 
I NCOHPRESSIBLE 
YES. REPEAT CALC AND 
USE NEW VALUE OF D 
CLOSE ENOUGH 
L 
~ 
-VALVE AND MISC. COMPONENTS- 
AT DIA. D, READ HISC. WEIGHT 
AND MISC. COSTS 
1 I 
5-61250 
Figure 4-3. Line Siz ing Design Procedures 
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I f  the equivalent length i s  def ined as 
Equation 4-9 can be w r i t t e n  as 
L 2 
gc 
Ap z: f 
(4 - i  I )  
(4-12) 
Thus, assumption o f  a value o f  0 fo l lowed by ca l cu la t i on  o f  the Reynolds 
number and- evaluat ion of the f r i c t i o n  c o e f f i c i e n t  f a1 lows the equivalent 
length t o  be determined f o r  the l i n e  segment. 
Loss ccz f f i c i en ts  fo r  var ious geometric s i t ua t i ons  and co.mon valve types 
may be found i n  many f l u i d  dynamics handbooks and tex ts  such as References 2, 
4 and 5. 
Reference Manual; these curves w i l l  no t  be reproduced here. 
A representat ive c o l l e c t i o n  o f  such data i s  provided i n  the Deskgn 
Some data sources provide loss informat ion i n  the fcrm .of  equivalent 
Figure 4-4 i s  usefu l  i n  reducing these r e f '  length-to-diameter r a t i o s  L/O 
quant i t ies  t o  the form o f  head loss coe f f i c i en ts  K. This curve assunies tha t  
the f r i c t i o n  fac to rs  presented i n  Figure 4-2 apply. 
Calcu lat ion o f  the equivalent length o f  p ressur iza t ion  system ho t  and 
co ld  legs impl ies tha t  rou t ing  o f  these t rans fer  l i n e s  has been completely 
defined. 
users o f  the manual are furnished w i t h  a means o f  est imat ing a reasonable 
equivalent length. 
Since t h i s  general l y  may not  be the case w i t h  a handbook procedure, 
For the actual l i n e  length, expressions were def ined f o r  the co ld  and hot  
legs as a funct ion o f  tank volume and geometry. These were: 
La . co ld  
I /3 
hot  La 
where V t  = tank volume 
x/d = tank length-to-diameter r a t i o  (1.0 for. a spher ical  vessel) 
(4-13) 
(4-14) 
AIRESEARCH MANUFACTURING COMPANY 
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Figure 4 - 4 .  Reference Loss Xbeff i c i e n t  Conversion Chart 
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These lengths represent the per ipheral  distance from one end o f  the tank t o  
the other, p lus  one tank diameter f o r  the co ld  leg  o r  one-half a tank diameter 
f o r  the hot  leg. 
rou t ing  t o  the pump located i n  tha t  leg. 
sented graph ica l l y  on Figure 4-5. 
More l i n e  length : J  allowed f o r  the co ld  l e g  t o  account f o r  
Equations 4-13 and 4-14 are pre- 
A t yp i ca l  set  o f  geometric loss c o e f f i c i e n t s  was a lso adopted f o r  use i n  
the absence o f  more de ta i l ed  information. ThLse are presented i n  Table 4-1. 
TABLE 4-  I 
TYPICAL LINE 
GEOMETRIC LOSSES 
LOSS 
COLD LEG 
Entrance 
Area change 
Pump i n l e t  
Pump exi  t 
Heat exchanger i n l e t  
Bends -- nine 90°* 
One m i te r  f i  t t i n q  
TOTAL LOSS 
HOT LEG 
Exi t 
Area change, heat 
exchanger o u t l e t  
'Bends -- four  90°* 
TOTAL LOSS 
AIRESEARCH MANUFACTURING COMPANY 
L a  An&s Clklornu 
COEFFICIENT, 
K 
0.46 
0.36 
0.28 
0.36 
I .  80 
1.20 
4.46 
I .o 
0.28 
0.80 
2.08 
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VALVES 
The system model includes two valves: ( I )  a f low cont ro l  valve, which 
i n i t i a t e s  f low i n  the external  loop, and (2) a check valve, which may be 
necessary f o r  i s o l a t i o n  o f  the loop ho t  leg. Both are e;..posed t o  cryogenic 
f l u id ,  although the check valve experiences higher temperatures during system 
f low periods. Thus, the concept adopted for genera! charac ter iza t ion  o f  these 
valves must be compatible w i t h  low temperature service. 
poppet valves are su i tab le  f o r  such appl icat ions.  Typical poppet cont ro l  and 
check valve-s are shown i n  Figure 4-6. 
As a general type, 
Weight and pressure loss charac ter is t i cc  cor poppet valves over a range 
o f  l i n e  sizes were obtained from the AiResearch d i v i s i o n  o f  Phoenix, Arizona 
f o r  use i n  the Design Reference Manual. 
a func t ion  o f  f low r a t e  and nominal line s i ze  f o r  various f l u i d s .  
loss can be represented as 
Pressure loss data was provided as 
The pressure 
3 
pvL 
AP = Kv 2gc 
where K = valve head loss c o e f f i c i e n t  
In t roduc ing  the 1 ine  s i z e  D and mass f low r a t e  9, t h i s  can be w r i t t e n  as 
V 
. 2  
D4 
Ap = 2 8 (>) 
= 9, 
Thus, the r a t i o  o f  Kv t o  the densi ty p can be found from 
(4-15) 
(4-16) 
(4-17) 
For the three f l u i d s  discussed, i t  was found t h a t  the K/P r a t i o  f o r  poppet 
valves i s  wel l  represented by the values given i n  Table 4-2. 
71 -7537 
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a. Flow Control Valve 
FREE FLOW - 
I 
L POPPET 
b. Check Valve 
Figure 4-6. Valva Configurations 
5-66981 
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TABLE 4-2 
POPPET VALVE 
LOSS COtFFICIENTS 
Hydrogen 
Oxygen 
N i t rogen 
0.790 
0.046 
0.052 
ELECTRICAL CONTROLS 
The e l e c t r i c a l  cont ro l  equipment contemplated by the system model are 
minimal because contro l  o f  f low i n i t i a t i o n  i s  taken t o  be accomplished pneu- 
m a t i c a l l y  by the f low contro l  valve. Coincident w i th  f l o w  i n i t i a t i o n ,  
energizat ion o f  the pump motor i s  required, and i f  the e l e c t r i c a l  heat source 
i s  employed, the heater resistance element a lso  must be energized. 
funct ions can be perfccrmed by a simple, re lay-type contactor t h a t  i s  actuated 
by a s ignal ;  the s ignal  i s  provided by sensing the f low contro l  valve poppet 
posi t ion.  
WEIGHT AND COST CHARACTERIZATIONS 
These 
This type o f  device i s  depicted schematical ly i n  Figure 4-7. 
Weight and cost o f  the f l u i d  t rans fer  elements are t rea ted  i n  two 
categories: 
funct ion o f  l i n e  s i z e  and length, and ( 2 )  a l l  other  weight and cost contr ibu- 
t ions  are lumped together as a funct ion o f  l i n e  size. 
( ; )  the actual  tub ing elements are t r e a t c -  ,eparately as a 
L ine weight may be determined from Figure 4-8, whizk. i s  based on the :ise 
of  s ta in less  s tee l  tub ing w i th  a safet.1 fac to r  .o f  4.0. The curves a t  the r i g h t -  
hand sect ion of Figure 4-8  al low weight per u n i t  length t o  be found from l i n e  
ins ide  diameter end pressure; the t o t a l  weight i s  given on the l e f t  s ide  as a 
funct ion of  weight per u n i t  length and actual  l i n e  length. The mater ia l  cost  
per u n i t  le,igth of l i n e  i s  ava i lab le  i n  Figure 4-9. The t o t a l  l i n e  cost  i s  
found from 
CL = (f) L + 450 d o l l a r s  (4 - ,a j  
where ($) i s  the cost per u n i t  let igth fouzd on Figure 4-9. The 450 d o l l a r  term 
represents an al!owance f o r  1 i ne assembly preparation. 
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AC POWER AC POWER - 
VALVE 
POS' ' I O N  
SWITCH 
SIGNAL 
+24 VDC 
(TO ELECTRIC HEATER 
I F  APPLICABLE) 
TO HOTOR 
5-61107 
Figure 4-7. Control Schematic 
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WEIGHT, LB 
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Figure 4-8. Line  Weight per U n i t  Length 
and Tota l  Weight Evaluat ion 
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The weight o f  the remaining t rans fer  components are found from Figure 4-10. 
The co ld  leg  and ho t  l eg  weight t o t a l s  are based on the assumed components 
tabulated on the f igure.  The ind iv idua l  component weights included are pro- 
v ided f o r  reference on Figure 4-11. Some pressure dependence i s  shown f o r  
the valve weights f o r  s izes above 4 in. Below t h i s  size, pressure does no t  
exer t  a strong in f luence on valve design. 
The recur r ing  and nonrecurr ing costs o f  elements o ther  than l i n e s  are 
presented i n  Figure 4-12. 
cost  estimated f o r  the components l i s t e d  f o r  each leg. 
the nonrecurring cost are design and development o f  the valves and system 
analysis, coordination,and t e s t  costs. 
d iv idua l  cost  trends shown on Figure 4-13. Here, the s o l i d  curves are the 
recur r ing  costs, w h i  l e  the nonrecurring costs are presented as dashed 1 ines. 
The recur r ing  cost  curves represent the hardware 
The major elements o f  
The basis f o r  Figure 4-12 i s  the in- 
AIRESEMICH MANUFACTURING COMPANY 
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L I N E  I N S I D E  DIAMETER, IN.  
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Figure 4-10. Line Components Miscellaneous Weights 
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S- 666 73 L I N E  I N S I D E  DIAMETER, I N .  
Figure 4-1 1 .  Individual  Component Weights f o r  Flu id  
Transfer Equipment 
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Figure 4- 12. Loop Miscel laneous Component Cost 
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Figure 1-13. Ind iv idua l  Cost Elements for F l u i d  
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SECTION 5 
HEAT EXCHANGERS 
Three sources o f  heat are spec i f i ed  as candidates for  the energy add i t i on  
funct ion.  These are: 
( I )  
(2) 
E l e c t r i c a l  Power--28 vdc o r  115-v, 400-Hz ac 
Transport Fluid--Represented by an FC-75 stream received a t  30 t o  100 
ps ia  and 500' t o  700'R 
Hot Gas--Represented by an H -0 
100 ps ia  and a nominal temperature o f  200'R 
,:3) combustion products stream received a t  2 2  
U t i l i z a t i o n  o f  these sources c a l l s  f o r  three e n t i r e l y  d i f f e r e n t  heat 
exchanger concepts, each requi r i n g  a s p e c i f i c  des i gn procedure. A1 1 three 
sources cannot be considered t o  apply over the e n t i  r e  operat ional  range covered 
by t h i s  study. The fo l l ow ing  comments are made r e l a t i v e  t o  areas o f  app l i ca t ion :  
0 The e l e c t r i c a l  heater un i t s  are p a r t i c u l a r l y  app l i cab le  to  the lower 
range o f  energy inputs where the more complex system in te r face  o f  
the f l u i d  heat sources i s  not j u s t i f i a b l e .  
increases, the use of resistance heat ing w i l l  be discouraged by 
system'designers. Thus, the informat ion presented has been aimed 
a t  sa t i s fac t i on  of the energy inputs corresponding t o  the vapor 
de l i ve ry  f low ranges defined i n  Table 1 - 1 .  
The FC-75 t o  t--yogen heat exchangers a re  useful f o r  low t o  mode--ate 
heat input  rates. Thus, the fo l l ow ing  r e c i r c u l a t i o n  f l ow  rates have 
been used as a guide i n  preparing the procedure: 
As the power l eve l  
0 
Hydrogen 50 l b  per h r  
Oxygen 100 l b  per h r  
N i  t rogen 20 l b  per h r  
The l a s t  f igure  i s  the maximum f low noted f o r  n i t rogen i n  'Table 1 - 1 .  
The not gas-to-cryogen heat exchanger i s  app l i cab le  t o  the e n t i r e  
range i f  t h i s  source i s  ava i l ab le  t o  the designer. 
s i72  un i t s  w i l l  be encountered as the lower flows are approached. 
0 
However, minimum- 
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The development o f  the three design techniques i s  discussed below, w i t h  
the e l e c t r i c a l  heater being presented f i r s t  fo l lowed by the t ranspor t  f l u i d  
and hot gas heat exchangers. The procedures requi re i t e r a t i o n  on a t  least  
one var iab le.  This i s  unavoidable because o f  the number o f  var iab ies involved 
i n  de f in ing  a heat exchanger design point .  For example, eleven var iab les must 
be f i x e d  t o  f u l l y  describe a direct-exchange, f l u i d - t o - f l u i d  lieat exchanger. 
E f f o r t  has been made t o  s i m p l i f y  the procedures as much as poss ib le  wi thout  
ser ious ly  l i m i t i n g  t h e i r  accuracy and f l e x i b i l i t y .  
ELECTRICAL HEATER UNITS 
The component type used 
conf igurat ion,  as shown on F 
f l o w  passage w i t h  the heater 
here i s  
gure 5- 
e 1 emen t 
an e l e c t r i c a l  resistance heater u n i t .  The 
, employs a c y l i n d r i c a l  annular cryogen 
attached t o  the outer c y l i n d r i c a l  s h e i l .  
The heater element i s  Ni-Fe al loy,  which was chosen because o f  the  d i r e c t  
p r o p o r t i o n a l i t y  between resistance r i s e  and temperature r i s e  provided by t h i s  
mater ia l .  This c h a r a c t e r i s t i c  acts t o  reduce power d i s s i p a t i o n  as heater 
temperature r ises.  This feature, coupled w i t h  extended external  surfaces t o  
enhance r a d i a t i v e  heat reject ion,  allows heater temperature t o  be 1i:nited t o  
IOOOOR even under condi t ions o f  zero cryoge3 flow. Danger o f  heater burnout 
i s  thus v i r t u a l l y  absent. 
Heat t rans fer  from the heated outer s h e l l  t o  the cryogen i s  improved by 
use o f  a rectangular o f fse t  f i n  w i t h i n  the annular f low passage. This f in,  
a 16-per-in., 0.006-in. thickness alumiiium configuration, f i x e s  the  annulus 
r a d i a l  thickness a t  0.10 in. 
The concept adopted f o r  the oxygen heater u n i t  d i f f e r s  from t h a t  o f  ths  
hydrogen and n i t rogen uni t5  i n  tha t  an addi t ional  c y l i n d r i c a l  s h e l l  i s  located 
betwee,! the outer  surface, t o  which the resistance element i s  brazed, and the 
oxygen flow-passage. The b a r r i e r  space thus formed i s  evacuated; the outer 
wa l l  o f  the f low passage and the outer s h e l l  are thermal ly connected by a 
0.05-in.-high t r i a n c y l a r  copper f i n  surface. This s tandof f  cons t ruc t ion  
prevents a s i n g l e  f a i l u r e  (of e i t h e r  the surface t o  which the heater i s  attached 
o r  the f low passage wall! from causing the heat ing element t o  be exposed t o  
oxygen. 
m] AIRESEARCH MANUFACTURING COMPANY 
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ANNULAR FLOW PASSAGE 
(16R-. 19- 1 ,'4 (0) - .OC6 (AL) F I N )  
CRYOGEN 
OUT 
CENTER BODY 
RADIATION SURFACE (4 USED) 
SHEATHED N i - F e  HEATER ELEMENT 
(HELICALLY WOUND ON SHELL) 
BAS I C HEATER UN I T  CONF I GURAT I ON 
TR I ANGilLAR COPPER 
STANDOFF F I N  
S I NGLE ANNULUS DES I GN 
FOR HYDROGEN AND NITROGEN 
DOUBLE ANNULUS DESIGN FOR 
ISOLATION OF HEATER ELEMENT 
FROM OXYGEN STREAM 
S-610% 
Figure 5-1. Electrical Heater Configuration 
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The procedure fo r  design o f  e l e c r r i c a l  heater un i t s  i s  essen t ia l l y  closed- 
form, having a s ing le  degree o f  geometric freedom. I t  i s  necessary t o  se lec t  
the outside diameter o f  the f l o w  passage. For each d i m e t e r  chosen, a heater 
design is defined. 
i n  order t o  choose the most benef ic ia l  value f o r  a p a r t i c u l a r  appl icat ion.  
However, experimentation w i t h  t h i s  dimension may be needed 
- heat -- i nq E 1 enient Cons i derat i o~ 
For t h i s  appl icat ion,  i t  i s  des i rab le t o  have a resistance element capable 
o f  providiTg a Iarse heat f l u x  per u n i t  wa l I  area and having a r e s i s t i v i t y  
char<: ter is t ic  tha t  r i ses  rap id l y  w;th temperature. This l a s t  requirement 
causes power d iss ipa t ion  t o  be decreased as heater temperature rises, a valu- 
able t r 3 i t  w i t h  respect t o  safety  o f  operat ion and rad ia to r  surface reqcirements. 
The most c m o n  mater ia l  f o r  resistance heaters i s  Nichrome, a nickel-chromium 
a l l oy  having a very weak dependence o f  r e s i s t i v i t y  an temperature. While t h i s  
i s  prefer red f o r  most e l e c t r i c a l  heat ing appl icat ions,  a mater ia l  w i t h  a 
stronger temperature dependence was sought. 
The r e s i s t i v i t y  of  several a l loys  is compared i n  Figure 5-2 i n  the form 
o f  r e s i s t i v i t y  r a t i o  R/R 
a t  the var iab le  temperature and 
condi t ion.  
be most desirable because the r e s i s t i v i t y  tI*end o f  t h i s  mater ia l  would r e s u l t  
i n  heater power d iss ipa t ion  a t  iOOOoR, which i s  less than one-sixth of t ha t  
a t  360'R. 
tha t  ne i ther  the nickel-pal  ladium nor cickel-manganese a1 loys were ava i l ab le  
i n  commercial sheathed elements. The 5.24-percent, n i cke l - i r on  a l l o y  is a 
standard mater ia l ;  therefore, t h i s  mater ia l  was chosen f o r  use i n  the heater 
u n i t  character izat io t i  developed. 
decrease i n  power d iss ipa t ion  as temperature r i ses  from 3 6 0 ' R  t o  IGOOOR, 
compared w i t h  the 27-percent decrease t o  be expected w i t h  Nichrme over the 
same in te rva l .  
versus temperature, where R i s  the r e s i s t i v i t y  360 
i s  the r e s i s t i v i t y  a t  a 3 6 0 ' R  reference 
Foi- the purposes o f  t h i s  program, the nickel-pal ladium a l l o y  would 
Horqever, ConsIJltation w i t h  heat ing element manufacturers ind icated 
The n i cke l - i r on  a l l o y  provides a 63-percent 
I n  Figure 5-2, curves are presented tha t  r e l a t e  the r e s i s t i v i t y  r a t i o  t o  
temperature i n  the exponential form: 
n (e) = (ST) (5- I 
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Figure 5-2. Compar ison o f  R e s i s t i v i t y  of  Several A1 loys. 
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The values o f  n shown on Figure 5-2 represent the r e s i s t i v i t y  r a t i o  of the 
four  mater ia ls  w i t h  f a i r  accuracy i n  the region above 360'R. 
approach, the selected n icke l - i ron  a l l o y  would be character ized by n.= I, 
wh i l e  n = 0.4 would be t yp i ca l  o f  Nichrome. This type o f  representat ion 
w ; i l  be found useful i n  the analysis o f  the heater u n i t .  
Under t h i s  
Determination o f  Heater Unit Size 
A t  the outset o f  the e l e c t r i c a l  heater analysis, the heater conf igura t ion  
o f  Figure 5-1 \Gas modeled on a thermal analyzer computer program. Several 
f o r  
This 
a 
f l ow  passage f i n s  and heater resistance re la t ionships were invest igated 
f l u ids  and f low condi t ions throughout the range apply ing t o  t h i s  un i t .  
resul ted i n  estabiishment o f  designs f o r  each po in t  considered. The da 
obtained allowed se lec t i on  o f  the f low passage f in .  The 16-fin-per-in. 
rectangular f i n  chosen was the largest  examined. The smal ler  f i n s  s tud  
tended t o  requi re large u n i t  diameters t o  prevent choking a t  the higher 
ed 
f l ow  
rates.  
16 f ins  per in.  
There appeared t o  be no advantage i n  using a conf igura t ion  la rger  than 
The computer design study showed tha t  establishment o f  parametric size, 
weight, and pressure loss data over the f u l l  range would be very time consuming. 
But, due t o  the s ing le  degree o f  geometric freedom i n  the heater design concept, 
i t  appeared tha t  the computer resu l ts  could be employed t o  es tab l i sh  a closed- 
form so lu t i on  f o r  the heater length. If the diameter o f  the annular f l ow  
passage i s  f ixed, the heat t rans fer  area per u n i t  length i s  defined, and 
through the height o f  the chosen f in ,  the cross-sect ional  area f o r  f low i s  
a l so  known. Thus, i f  means o f  de f i n ing  the ove ra l l  thermal conductance U can 
be found, a closed form s o l u t i o n  can be obtained. 
I . Overa 1 1 Therrna 1 Conductance 
The heat t rans fer  r a t e  o f  the heater u n i t  i s  g iven by: 
where U = ove ra l l  thermal conductance 
A = heater u n i t  outer w a l l  surface area 
Th = heater temperature 
T = cryogen temperature 
0 
C 
ml AIRESEARCH YANUFACTUklNG COMPANY 
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In t h i s  case, the overa l l  conductance i s  def ined by 
X + -  I AO - 2 -  
U vhAi k (5-3) 
wheb-e r( = ove ra l l  heat t rans fer  e f f i c i ency  o f  f low passage extended surface 
h = cryogen st rean thermal conductance 
Ai = t o t a l  f low passage surface area 
x = heatzr wa l l  thickness 
k = heater wsl 1 thermal conduct iv i t y  
For the cryogen stream, the thermal conductance i s  ava i lab le  from heat t ransfer  
data for  the chosen f low passage conf igurat ion.  This informat ion i s  suppl ied 
by Figure 5-3, which presents the Colburrr modulus and Fanning t ,  t c t i o n  fac to r  
for  the 0.10-in.-high, 16-per-in. f in. The Co\burnmodulus i s  
j = -  h pr2/3 
C G  
P 
(5-4) 
where P r  = cryogen stream Prandtl number 52 
KC 
b G = cryogen stream mass v e l o c i t y  - 
b = mass 
Ac = f low 
C = mean 
P 
p = mean 
K = mean 
C 
f low r a t e  
area 
spec i f i c  heat capaci ty  of cryogen stream 
dynamic v i s c o s i t y  o f  cryogen stream 
thermal conduct iv i t y  o f  cryogen stream 
The data of  Figure 5-3 was employed i n  the heater u n i t  computer studies.  
From the above, U i s  dependent on f l u i d  properties, the ins ide  surface 
ch i rac te r i s t i cs ,  and the conduction cha rac te r i s t i c  o f  the wa l l .  However, 
study o f  the computer resu l ts  ind icated tha t  for  thz var ious f l u id ,  U was 
we l l  represented as a func t ion  o f  mass ve loc i t y  and pressure leve l  alone. 
This i s  ev ident ly  a consequence o f  the f i x e d  flow geometry and the apparent 
f ac t  t ha t  flows a t  a given pressure can be represented w i t h  reasonable 
accuracy by a s ing le  set  of 
are presented i n  Figure 5-4 
average f l u i d  proper t ies.  The resu l ts  ob1 ned 
f o r  hydrogen and Figure 5-5 for  oxygen and 
AIRESEARCH MANUFACTURING COMPANY 
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and nitrogen. 
s e t  o f  curves i s  sa t i s fac to ry  f o r  both f l u i d s .  
Oxygen and n i t rogen propert ies are so s i m i l a r  t ha t  a s i n g l e  
On Figures 5-4 and 5-5, advantage has been taken o f  the f low geometry 
t o  present U as a func t ion  o f  &/nD ra ther  than &/A, 
the constant annular dimension imposed by the f i n .  
This i s  made possibie by 
2.  Heater Lenqth Equation 
By employing the exponential dpproximation f o r  the heater resistance, 
the heat f l u x  suppl ied by the heat ing element can be w r i t t e n  as: 
(5-5 1 
where A = heat t rans fer  area TTDL . 
L = heater length 
r e f  (q/A)ref = heater f l u x  a t  T 
For elements o f  the heater of length Ax, the heat t ransferred through the 
wa l l  surface element nDAx i n  a time per iod A0 i s  
Let 3 = n D B  
0 
B 
T 
Q = - &A8 Thus, n 
The mass o f  f l u i d  conta,ned i n  the element . s  AM = p A c h ;  the energy 
balance i s  therefore:  
(5-7 1 
(5 -8 )  
B 
pAcAxC ATc = -&AB 
P Tn 
where hTc = f l u i d  temperature r i s e  due t o  t rans fe r  o f  Q 
Equation 5-9 can be w r i t t e n  as :  
(5-9) 
7 1-7537 
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which, i n  the l i m i t ,  i s  
dTc B 
PAcCp be = - 
Tn 
(5- I O )  
Or,  transforming t o  s ta t ionary  coordinates; 
dTG - B. 
PAcCp dx de - Tn 
dx 
~~t de i s  the f l u i d  ve loc i t y  and PA i s  the mass f low r a t e  w. Thus, we have 
c d0 
(5- I I )  
The heater temperaturz T and f l u i d  temperature Tc must be constrained by 
Since the cross-sect ion i s  constant, - dA = -  A r e s u l t i n g  i n  
dx L ' 
B 
T 
Equation 5-8 shows tha t  2 = 7 . 
Thus, Equation 5-13 allows the cryogen temperature t o  be expressed as 
- I  
= T - (y) 
T 
TC 
The de r i va t i ve  of Tc w i t h  respect t o  x (assuming tha t  U i s  constant) i s  
dT +nB 
dx Tn.+ 
Inse r t i ng  Equation 5-15 
(.E)-Yc dx 
n Equation 5-1 I and rearranging y i e l d s :  
dT = -$ d x  T 
P 
AIRESEARCH MANUFACTURING COMPANY 
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If c is taken as a constant, Equation 5-16 Cdn be integrated over the 
length o f  the heater, where at x = 0, T = T 
at X = L, T = T the outlet temperature: 
P 
the fluid inlet temperature and 
I '  
2' 
This results in: 
(5- 17) 
The heater length is thus expressed by 
(5- 18) 
For the specific circumstances of this study, 
and for the nickel-iron alloy heating element, n = 1 .  
the reby becomes 
The length equation 
T: - T~ In (T~/T~) 
' +  L = (4 nD/ c p 2BhD U 
If the substi rutions 
are made, the compact form below may be written: 
AIRESEARCH MANUFACTURING COMPANY 
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The two functions 0 
presented i n  Figures 5-6 and 5-7. I n  Figure 5-6, B i s  based on a heater 
f l u x  o f  144 Btu per h r  - sq  in.  a t  360'R. 
3 .  Desiqn Procedure 
and Q I 2 
are r e a d i l y  calculated; p l o t s  o f  these are 
Since Equation 5-22 was obtained by assuming t h a t  the therim1 conductance 
U was constant, i t  was not surpr is ing  t o  f i n d  t h a t  t h i s  expression provided a 
poor p red ic t ion  o f  the lengths found i n  the d e t a i l e d  computer designs. 
cor rec t  the e f f e c t  o f  t h i s  assumption, the length equi j t ion was w r i t t e n  
where 3 i s  a cor rec t ion  "actor f o r  Q which i s  a func t ion  of  f l u i d  i n  
o u t l e t  temperatures and the overa l l  conductance. Evaluat ion o f  B w i t h  
2' 
To 
as 
(5-23) 
e t  and 
the 
use o f  the lengths def ined by thermal analyzer resu l ts  i s  i l l u s t r a t e d  i n  
Figure 5-8. 
low pressures and very h igh pressures, t h i s  f a c t o r  was employed as a func t ion  
o f  c r i t i c a l  prassure ra t i o ,  as shown on Figure 5-9 .  
Since B behaved 3 s  a constant for  both hydrogen and oxygen a t  
Establishment of the w r r e c t e d  equation provided the too ls  needed f o r  
rap id  design of e l e c t r i c a l  heAter  un i ts .  By choosing a heater diameter, the  
mass v e l o c i t y  may b e  calculated. Then Figure 5-4 o r  5-5 may be entered w i t h  
A / d  t o  ob ta in  U; w i t h  the pressure, terminal temperatures, and U known, 
Q ~ ,  and p nay be evaluated, a l low ing  c a l c u l a t i o n  o f  the length. This 
technique is shown schematical ly on Figtire 5-10. 
o f  the diameter I) is general ly required t o  obta in  a des i rab le conf igurat ion.  
As indicated, some i t e r a t i o n  
Basic Heater Uni t  Pressure Drop and Weiqht 
The f low passage pressure drop i s  assumed t o  be e n t i r e l y  due t o  the s k i n  
f r i c t i o n  and the volumetr ic expansion o f  the f l u i d .  This i s  t r u e  even for  the 
case invo lv ing  s:Abcrit ical b o i l i n g .  
assumed t o  be accountable e n t i r e l y  by volumetric change. 
i s  presented i n  Figure 5-11 i n  the form o f  aAp as a func t ion  o f  ?ength and the 
mass v e l o c i t y  parameter W/nD. 
The loss associated w i t h  b o i l i n g  i s  
The pressure loss 
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L, LB PER HR-IN. a D  
Figure  5-11. E l e c t r i c a l  Heater Pressure Loss Character is t ics  
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Ueight o f  the basic heat u n i t  exclusive of the r a d i a t i o n  f i n s  i s  provided 
i n  Figure 5-12, where the weight penalty o f  the double-wall cons t ruc t ion  employed 
f o r  the oxygen heaters i s  apparent. The basic heater i s  taken t o  be constructed 
of s ta in less  s tee l  w i t h  an aluminum f low passage f i n .  
of the oxygen un i t s  i s  fabr icated from 0.05-in.-thick copper w i t h  copper standoff 
f i n s  being employed. 
The outer s tandof f  w a l l  
Extended Radi a t  i on Surface 
I f  s u f f i c i e n t  external  surface i s  avai lable, the heater u n i t  w i l l  be 
capable o f  d i ss ipa t i ng  the e n t i r e  heat ing element output t o  the surroundings 
wh i l e  remaining a t  an acceptable maximum temperature. I n  t h i s  manner, burnout 
as a r e s u l t  o f  zero cryogen f low .Jh i le  the heater i s  energized can be avoided. 
The heat ing element resistance - temperature re la t i onsh ip  i s  important because 
reduct ion o f  the power dissipated a t  the maximum temperature markedly reduces 
the s i z e  and weight o f  the required r a d i a t i o n  surface. 
For t h i s  study, i t  was desired t o  provide a simple technique fo r  se lec t i on  
o f  surfaces which would l i m i t  the heater temperature t o  IOOO'R when operat ing 
i n  surroundings permi t t i n g  r a d i a t i v e  r e j e c t i o n  t o  500'R. 
are taken t o  be foul- copper f i n s  p a r a l l e l  t o  the heater u n i t  l ong i tud ina l  a i s  
and located a t  90-de9 i n te rva l s  about the c y l i n d r i c a l  cross-section. The f i n s  
a re  o f  iength L, height y, and have a constant thickness 6. 
The r a d i a t i o n  surfaces 
Since the length L i s  defined by the basic heater design procedure, the 
required informat ion i s  a tech.nique f o r  se lec t i on  o f  the  f i n  height y and 
thickness S .  
surface must be known, o r  assumed t o  be known. To s i m p l i f y  the solut ion,  the 
temperature d i s t r i b u t i o n  i s  assumed l inear, being given by 
To s i z e  the f in ,  the temperatJre d i s t r i b u t i o n  on the r a d i a t i v e  
T = a. + aly 
where a t  y = 0, 'the fo l l ow ing  condi t ions ex i s t :  
The f i n  roo t  temperature i s  
= T  y = o  r T 
(5-24) 
(5-25) 
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The heat t o  be r,ejected i s  
(5-26) 
where A = f i n  root  cross-sect ion area 
K = f i n  thermal conduct iv i t y  
For each o f  the four f ins, the heat t o  be re jected per u n i t  length o f  
f i n  i s  
(5-27) 
where D = basic heater u n i t  diameter 
= heater f l u x  a t  T (:)ref r e f  
E = r a t i o  o f  (q/A) 
temper a t  u r e  
t o  heater f l u x  o f  f i n  root  design r e f  
Applying the cond i t ion  of  Equation 5-25 t o  the temperature d i s t r i b u t i o n  
gives:  
a = Tr 
0 
With the use o f  Equation 5-27 and the observation that the f i n  conduction 
area per u n i t  length i s  cqml t o  6 ( the  f i n  thickness), Equation 5-26 can be 
express as 
(5-28) 
Since a i n  Equation 5-24 i s  given by Equation 5-28, the temperature d i sL r ibu t i on  I 
i s  found t o  be: 
(5-29) 
The heat rad iated from both surfaces o f  the f i n  t o  surroundings a t  a 
temperature o f  T i s  given f o r  a u n i t  f i n  length by the Stefan-8olttmann law as: a 
qr = 2asFa Ymax (T4 - T:) dy 
0 
AIRESEARCH MANUFACTURING COMPANY 
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where CJ = Stefan-Boltzmann constant 
c = f i n  surface emiss iv i ty  
Fa = geometric f ac to r  f o r  rad ia t i on  from f i n  
= t o t a l  f i n  height Ymax 
The de r i va t i ve  o f  the surface temperature w i t h  respect t o  y i s :  
dT = - [* 4E6K (9) a ref ]dy 
Thus, Equaticn 5-30 can be w r i t t e n  as 
r 
‘ e  
- + = (T4 - a 4 ,  dT 
r 
where Te = f i n  temperature a t  y = ymax 
Performing the in tegrat ion:  
Thus, the f i n  thickness i s  found to be 
(Te - Tr) 3 -’ 4 T 4 - T  4 - T  a 
With 6 defined, the f i n  height can be from Equation 5-29: 
For the condi t ions of i n te res t  here, 
Tr = IOOOOR 
T = 50O0a 
a 
(’-31 ) 
(5-32) 
(5-33) 
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The heater design presented e a r l i e r  employs 
= 144 B t d  per hr-sq in. (g )ref 
based on Tref = 360'R. 
approximately 3.0. The copper f i n  mater ia l  has an average thermal conduct iv i t y  
K o f  16.6 Btu per hr-sq in.-'R per in., and the surface emiss iv i ty  i s  taken 
t o  be 0.90. 
For Tr = IOOO'R maximum, the heat f l u x  r a t i o  E i s  
The geometrical f a c t o r  f o r  rad ia t ion  between two f i n s  set a t  90 deg i s  
0.25. Thus, the f a c t o r  apply ing t o  r a d i a t i o n  t o  the: surroundings i s :  
F = 0.75 a 
Applying these values t o  Equations 5-32 and 5-33 resu l ts  in: 
Thus, when Te i s  specif ied, 6 and y become funct ions o f  the basic heater 
diameter D alone. The f i n  weight per u n i t  length i s  
where P = f i n  mater ia l  densi ty  
Therefore, the  optimum value of Te can be found by inves t iga t ing  6ymax. 
t h i s  was accomplished, i t  was found t h a t  the most desirable f i n  t i p  temperature 
was approximately 800'R. 
used i n  the Design Reference Manual: 
When 
This resu l ts  i n  the  f i n  thickness and height re la t ions  
2 6 = 0.0445 D , in. 
= 3.87 D, in. 
Ymax 
F i n  thickness and height are p l o t t e d  on F igure 5-13, and the t o t a l  weight o f  
four  f i n s . i s  presented on Figure 5-14. 
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The E f f  ,. Varyinq the Heater Diameter 
Since ine heater design e..,;ays an annular f low channel, both i t s  f low 
Increasing area and i t s  heat t rans fer  area are p;oportional to  the  diameter. 
the heater diameter w i l l  reduce the f l ow  ve loc i ty .  The net e f f e c t  i s  a re-- 
duction i n  both the presstlre drop and the convective heat t ra t i s fe r  coe f f i c ien t .  
Varying the heater diameter w i l l  a lso a f f e c t  the  thickness of the rad ia to r  6. 
The heat input increases w i th  the heat t rans fe r  area, which i s  propor t ional  
to the tube diameter. Therefore, the heat t rans fe r  r a t e  per u n i t  length o f  
the heater i s  increased. The height o f  the rad ia to r  must then be increased 
t o  be able t o  d iss ipa te  the heat i n  emergency. The increase i n  radlatot- 
height w i l l  be accompanied by a shorter heater length such tha t  the t o t a l  
rad ia t ino  surface i s  essen t ia l l y  a constant. However, because thz  power per 
inch o f  heater increases and because the  heat path t o  the rad ia to rs  i s  la rger  
( l a rge r  y), the rad ia to r  must be th i cke r  ir. order t o  conduct the  heat t o  the 
rad ia t ing  surfaces a t  a given t-mperature drop. A s  the diameter i s  varied, i t  
w i l l  produce s i g n i f i c a n t  changes i n  the  pressure loss, the heat ing element 
temperature, a d  +he rad ia to r  weight. 
Total  Heater U n i i  Costs 
Due t o  the s imple nature GF the e l e c t r i c a l  heater un i t ,  i t  was poss ib le  
t o  prepare - - t imates f o r  u n i t s  of various diameters and lengths. Since both 
the basic heater and the rad iat ior ,  surfaces have character '  ' i c s  tha t  are 
Mell-defined wher, these t w o  var iab les are speci f ied,  i t  i s  f e l t  t h a t  good 
parametric representat ion was obtained. The resu l ts  o f  the  cost est imat ion 
are presented i n  F iyure 5-15, where the nonr.:curring cost i s  taken t o  be 
independent o f  diameter. 
TR4NSPORT FLUID HEAT EXCHANGERS 
4s stated ear l ie r ,  the t ranspor t  f l u i d  stream considered i s  FC-75, re- 
ceived a t  30 t o  100 ps ia  and 50' t o  700'R. 
be chosen by the designer. 
The f i ow  r a t e  of t h i s  stream may 
This heat t ransfer  s i t u a t i o n  was found t o  be best hanbled by use o f  a 
shal l - tube b*..idle heat exchanger o f  Lross-para l le l  f l ow  c o n f i y r a t i o n .  As  
show,i i n  Figure 5-16a, t yp i ca l  shel l - tube const ruct ion i s  considered w i t h  the 
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cryogen f low ing  through the  tube bundle i n  a s ing le  pass and the FC-75 f lowing 
i n  mult ipass as required on the s h e l l  side. 
s tee l  construction. A l l  tubes are 0.10-in. d i a  w i t h  r i n g  dimples as turbu- 
lence promotors. Tube spacing i s  0.03 in. 
These u n i t s  are o f  s ta in less  
The p a r a l l e l  f l ow  arrangement i s  necessary t o  avoid freeze-up o f  the 
t ransport  f l u i d .  
oxygen heat exchangers. 
No special features a re  required w i t h  the  FC-75 source f o r  
Although the  model considered here i s  somewhat constrained geometrically, 
no closed form so lu t i on  fo r  heat exchanger length and diameter i s  possible. A 
r e l a t i v e l y  simple design method was found t o  be avai lable, employing an ex- 
pression developed below. The i t e r a t i o n  involved i n  the  selected approach i s  
not d i f f i c u l t ,  a l low ing  designs t o  be establ ished w i t h  reasonable speed. 
Basic Desiqn Tools 
Consider a d i rec t - t rans fe r  heat exchanger which exchanges heat between a 
ho t  stream and a co ld  stream. The heat t rans fe r  associated w i t h  an 
element dA o f  the heat t rans fe r  surface between the  str’eams i s  given by: 
dq = U(T - i‘ ) dA f ? c  ( 5-34 1 
where U = ove ra l l  thermal conductance 
T = hot stream temperature a t  dA 
T = co ld  stream temperature a t  dA 
h 
C 
l h e  temperatures T and Tc are  re la ted  t o  the t o t a l  heat t rans fe r  r a t e  by h 
T = T  - 3- 
hl ‘h 
T = T  + A  
C C 
C 
(5-35) 
(5-36) 
where T = i n l e t  temperatures f o r  the streams 
q = t o t a l  heat t rans fer red  i n  f l w i n g  from the  i n l e t  t o  dA 
h h Ph 
c C P ’  
C = 6 , hot stream heat capaci ty r a t e  
C = 6 C co ld  stream heat capaci ty r a t e  
- 
C 
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hh, hC = mass f low rates f o r  the streams 
- - 
Cph, Cp = mean spec i f i c  heat capaci t ies f o r  the streams 
C 
Thus, the temperature d i f fe rence i n  Equation 5-34 i s  
Th - T =* Th 
C 
This allows tha t  equat 
I f  the 
Equ t i  
on t o  be rewr i t t en  as: 
aA - qu (L, q) I dq = (Th - Tcl)I 
d e f i n i t i o n s  are made: 
wI = 
"2 = 
n 5-38 an then bz expressed as: 
I n teg ra t i on  o f  Equation 5-41 resu l t s  i n  
I - - I n  ( w l  - w2q) = A + a 0 
"2 
which can be rearranged t o  y i e l d  
wI a -w2A 
q = - - -  l e  
"2 "2 
When A = 0, q = 0 and the constant o f  i n teg ra t i on  a, i s  found t o  be 
ai = M I  
The heat t rans fer  r a t e  i s  f i n a l l y  found to  have the form: 
q =  (I - e  
(5 -37)  
( 5 -38) 
(5-59) 
(5 -40)  
(5 -41)  
( 5 - 4 2 )  
(5 -43 )  
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Or,  re turn ing t o  the d e f i n i t i o n s  o f  UJ I and m2: 
(5-44) 
Considering the co ld  stream alone, the heat t rans fer  ra te  i s  given by 
q = C  (T  
c2 
Combination of these two expressions f o r  q y ie lds:  
T - T  
- T  
c7. 
exp [ - (L + k) u i ]  = 1 - 
(5-45) 
(5 -46)  
where the r a t i o  of temperature d i f ferences on the r i g h t  s ide i s  the cold-side 
temperature ef fect iveness: 
T - T  
- T  
c 2  
€ =  
I t  i s  convenient t o  define: 
I 
f -  
I - -  
s3 - cc Ch 
and $ = I - € ( , + ? )  
This resu l t s  in:  
G3UA = - In  Q 
(5-47 j 
(5 -48)  
(5 -49)  
(5-59) 
The func t ion  given by Equation 5-50 i s  presented on Figure 5-17. 
heat t rans fer  area can be represenLed as 
The 
(5-51) 
I f  G L -  capacity rates, the temperature ef fect iveness, and the ove ra l l  thermal 
x,  be found, a3UA can be evaluated and Equation 5-51 used f o r  
* the heat t rans fer  aree. 
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The overa l l  thermal conductance f o r  the heat exchangers considered here 
can be obtained from: 
1 1  I 
" hc hh - - -  - c -  (5-52) 
= cryogen stream thermal conduct--(:e 
= t ranspor t  f l u i d  thermal conductance 
hC 
where 
hh 
I n  Equation 5-52, t h e  conductive resistance of the  th in-wal led dimpled tub ing 
has been neglected. 
The cryogen stream conductance i s  a func t ion  o f  the heat t rans fer  character- 
i s t i c s  of t h e  selected tubing. As noted before, 0.10-in.-ID, ring-dimpled 
s ta in less  tub ing i s  employed. A wal l  thickness of  approximately 0.004 in. w i l l  
be s a t i s f a c t o r y  over the  e n t i r e  pressure range. 
tubulence promoters. 
The r i n g  dimples serve as 
The dimple conf igurat ion i s  spec i f ied  by the parameter 5: 
where d = tube diameter 
S = dimple depth 
s = spac'ing along tube between dimples 
For t h i s  appl icat ion,  a value o f  C = 0.05 has been chosen. The Colburn modulus 
and Fanning f r i c t i o n  f a c t o r  of ring-dimpled tub ing a t  C = 0.05 i s  presented on 
Figure 5-18. 
Using the dimpled tube data together w i t h  c a r e f u l l y  averaged f l u i d  
propert ies,  i t  was possible t o  def ine the  cryogen-side conductance as a func- 
t i o n  o f  mass v e l o c i t y  and f l u i d  pressure f o r  the  f l u i d s  studied here. 
ductances f o r  hydrogen are p l o t t e d  on Figure 5-19; oxygen and n i t rogen 
cciiductances are found on Figure 5-20. 
Con- 
The hot-s ide conductance represents a case of f l o w  through an o f f s e t  tube 
Using standard re la t ionships for  t h i s  s i t u a t i o n  and averaged proper t ies bank. 
for  the FC-75 stream resul ted i n  the p l o t  o f  h 
provided i n  Figure 5-21. 
versus hot-side mc-s v e l o c i t y  h 
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Page 5-35 
AIREXARCH MANUFAClURlNG COMPANY 
11.. A P , , ~  r s  C a ' l ~ i n  4 
m 
N 
.* 
c) 
(u 
CT 
W 
m 
J z 
-. 
VI 
n 
3 
I- 
n 
E .- 
n 
I 
01 
C 
CT 
+ 
0 
VI 
V 
4-l 
.- 
.- 
C 
0 
U 
U 
I 
IL 
.- 
.- 
-0 
K 
Q 
N 
7 I -7537 
Page 5-36 
m 
-3la 
0 
3 
N 
0 
0 
71 -7537 
Page 5-37 
h 
rc) 
0 
s 
0 
Kf 
0 
cu 
0 
Dl AIRESEARCH MANUFACTURING COMPANY 
Lo(  An-, C1Wornu 
0 
7 I -.;537 
Page 5-38 
0 
0 
ro 
0 
0 
rr) 
8 cu 
VI 
c 
IO 
1.. 
I- 
C 
C’ .- 
a, .- 
le 
UI 
a, 
C 
u 
cu 
I 
rT) 
a, 
L 
3 
(3, 
L 
.- 
rURESEARCH MANUFACTURING COMPMNY 
Loi Angeler. Cal,lornia 
7 1-7537 
Page 5-39 
With Figures 5-19 through 5-21, i t  i s  possible t o  evaluate the  o v e r a l l  
Conductance U i f  the mass v e l o c i t i e s  o f  the  two streams are avai lable.  
Oesiqn Procedure 
The procedure establ ished for t h i s  heat exchanger i s  sumnarized i n  F ig-  
ure 5-22. 
(TCR) t o  ensure se lec t ion  of a design p o i n t  not subject  t u  freezeup. 
i e f i n e d  as: 
The phi losophy used here makes use of the thermal conductance r a t  i o  
TCR i s  
hc Th - Tw TCR = - = 
hh T - T  w c  
(5-52) 
where Th = hot s t rean loca l  bu lk  temperature 
T = c o l d  stream local  bu lk  temperature 
T = w a l l  loca l  temperature 
C 
W 
To avoid f reez ing s i t u a t i o n s  w i t h  FC-75, a reasonable minimum wal l  tem- 
Thus, t h e  maximum value o f  TCR i s  given by: perature i s  400'R. 
- 400 
cI 
( 5 -53) 
As shown on Figure 5-22, t h e  procedure requires s p e c i f i c a t i o n  of three 
independent var iabies about which the user has no p r i o r  knowledge. 
reasonable f i r s t  guesses can be made which lead to rap id convergence on 
sa t is fac to ry  designs. 
Fortunately, 
The var iables t h a t  must be assumed are: 
(i)c = Cold-side mass v e l o c i t y  
M = No. of hot-side passes per in. o f  heat exchanger length 
rn = Parameter used est imat ing the capaci ty r a t e  ra t io ,  Cc/Ch . 
The f i r s t  two inf luence the geometric charac ter is t i cs  of  the design, wh i le  the 
last, parameter i s  important i n  s a t i s f y i n g  the thermal conductance r a t i o  
c r i t e r i o n .  
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The 
the requ 
The 
The 
cold-side mass velocity permits hc 
red number of tubes N t o  be determ 
f 
to be evaluated and also allows 
ned from 
(5-54 1 
hot-side flow area Ah is then calculated from 
Ah = 0.03 (2 + &)/H 
capacity rate ratio is estimated with the relation 
m - 1  - -  C C 
‘h 
- -  
€ 
(5-55) 
(5-56) 
1 where e = , cold-side effectiveness 
Thl - 
Thus, in guessing m it is clear that some value less than e must be chosen. 
The FC-75 flow rate can now be found to have the value: 
If the hot-side mass velocity i s  now evalI:a2ed, 
The hot-side thermal conductance h can be Found ising Figure 5-21. h 
TCR can be determined at this point from Equation 5-52, and compared with 
If TCR is too large, the parameter m must be increased and a new TCRmax* 
capacity rate ratio determined. 
If TCR is satisfactory, the .function 
is ca ulated, and Figure 5-17 is used to obtain ci Jalue fc. a3UA. 
ml AIRESEARCH MANUFACTURING COMPANY 
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The ove ra l l  thermal conductance o f  the heat exchanger i s  given by 
h 
(5-57) 
- .. c. 
I + TCR U =  
and the  d e f i n i t i o n  o f  the  parameter $3 i s :  
I + -  I - -  $3 - cc Ch 
Thus, the required heat t rans fer  area A can now be determined from 
The tube bundle length necessary t o  s a t i s f y  t h i s  area requirement i s  
(5-55) A N L = 3.18 
A t  t h i s  point, the design i s  f u l l y  defined i n  terms o f  she l l  diameter 
and length. I t  i s  now appropr iate t o  assess these character is t ics .  I f  the  
proport  ions are not reasonable, f u r the r  i t e r a t i o n  must be accompl i shed. 
When sa t i s fac to ry  geometric resu l t s  are obtained, Figures 5-23 and 5-24 
can be entered t o  ob ta in  the  co ld  and hot stream pressure losses. 
are acceptable, the design can be considered completed; otherwise, i t e r a t i o n  
I f  these 
t o  achieve the desired pressure loss should take 
I n  se lect ing values o f  (WA), o r  M f o r  new 
observations are useful :  
Increase o f  decreases length 
p l  ace 
t e r a t  
decreases d i ameter 
increases co ld  pressure 
ons, the fo l low ing  
loss 
Increase o f  M: decreases length 
decreases co ld  pressure loss 
does not a f f e c t  diameter 
Heat Exchanqer Weiqht and Cost 
The estimated weight o f  heat exchangers o f  t h i s  type i s  presented on 
Figure 5-25. While the weights p l o t t e d  here include allowances f o r  por ts  and 
7 1-7537 
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headers, these features and a l so  nlounting prov i r i i  .s become a large propor t ion 
of t o t a l  weight f o r  small un i ts .  Thus, i t  i s  suggested t h a t  0 . 5  l b  be con- 
sidered the minimum weight f o r  the t ranspor t  f l u i d  heat exchangers. A l l  resu l ts  
under t h i s  value obtained from Figure 5-25 should be corrected t o  0.5 lb. 
The heat exchanger cost co r re la t i on  has been establ ished as a func t ion  o f  
;ore volume. This cha rac te r i s t i c  i s  presented on Figure 5-26. This informa- 
t i o n  was obtained by es tab l i sh ing  a t rend w i t h  respect t o  volume f o r  s h e l l  and 
tube heat exchangers. 
designed here, the charac ter is t i cs  were compared w i t h  those o f  the exchangers 
used t o  es tab l i sh  the cost-volume trend. A f te r  appropr iate adjustment, Figure 
5-26 was obta!ned. 
A f t e r  carry ing out estimates f o r  u n i t s  o f  the  type 
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L L  
ducts i s  assumed t o  be a t  the d i sc re t i on  
The s t r ingent  thermal and s t ruc tu ra  
temperature heat source resu l t  i n  a s ign 
these un i ts .  Although the cross-paral le 
HOT GAS HEAT EXCHANGERS 
In t roduc t ion  
Under t h i s  a l te rna t ive ,  heat i s  supplied t o  the  cryogen by a 100-psia, 
2000'R stream of H,-0, combustion products. Flow ra te  o f  t he  combustion pro- 
o f  the user. 
requirements imposed by t h i s  high- 
f i c a n t  departure i n  cor,FIguration fc.r 
f low tubu la r  heat exchaiiger i s  the  
choice here, as f o r  the  FC-75 uni ts ,  t o  rninttxize freeze-up problems, the  
t r a d i t i o n a l  cy1 i nd r i ca l  tube bundle conf igurat ion i s  not sa t is fac to ry .  
A concept tha t  minimizes the thermal s t ress problems o f  the tube bundlc 
i s  the annular core conf igura t ion  shown i n  Figure 5-16b. 
been invest igated i n  several high-temperature heat exchanger development pro- 
grams a t  AiResearch, inc lud ing the  fab r i ca t i on  and t e s t i n g  o f  developmental 
un i ts .  
cy l inder .  Baf f les  are a l te rna te  disks and rings. The hot gas enters the open 
center o f  the tube bundle and i s  then caused t o  f l ow  r a d i a l l y  outward through 
the  tubes. Ring b a f f l e s  then t u r n  the  gas, d i r e c t i n g  it r a d i a l l y  inward t o  
t he  open center again. To c l a r i f y  the construct ion used, a photograph o f  an 
annular tube bundle i s  shown i n  Figure 5-27. As mentioned. l a r a l l e l  f l ow  i s  
used unless h igh ef fectrveness i s  required; then, a p a r a l l e l  f low u n i t  i s  
f o l  lowed by a counterf low sect ion. 
This approach has 
I n  t h i s  conf igurat ion,  the tube bundle has the  form o f  a hol low 
The tube bundle can be constructed as a completely f r e e - f l o a t i n g  core 
element, enhancing the safety o f  the un i t .  This feature al lows c lose inspec- 
t i o n  and t e s t i n g  o f  the  tube bundle p r i o r  t o  i n s t a l l a t i o n  i n  the she l l .  I n  
addi t ion,  double-wall tube const ruct ion can be considered, although the  char- 
ac te r i za t  ion presented here i s  based on single-wall, ring-dimpled tubes. 
mater ia l  used i s  Haste1 loy-X. 
The 
The nominal hot gas i n l e t  temperature i s  2000°R, t h i s  being the  highest 
t ernpe ra t u re  cons i de red feas i b 1 e f o r  equ i pment us i ng noncoo 1 ed s ur f aces. 
Above t h i s  leve l ,  it i s  f e l t  t ha t  prov is ions must be incorporated f o r  ac t i ve  
71-7537 
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cool ing o f  a l l  surfaces impinged upon by the hot gas. However, the design 
procedure f o r  these u n i t s  w i l l  a l low lower i n l e t  temperatures t o  be inves t i -  
gated should these be o f  i n te res t  t o  the user. 
As i n  the case o f  the FC-75 heat exchangers, an i t e r a t i v e  design proce- 
dure i s  necessary f o r  the combustion product un i ts .  Here, the hot-s ide out- 
l e t  temperatcre and the pressure losses must be manipulated t o  def ine a heat 
exchanger wi th  acceptable geometric charac ter is t i cs .  
With regard t o  the cost character izat ion o f  the annular tube bundlu, heat 
exchanger, the concept has been chosen here because o f  i t s  great po ten t ia l .  
Although developmental work has been accomplished, more technology derelopment 
e f f o r t  i s  needed t o  place i t  on the same cost basis as the two preceding types 
o f  heat source. Thus, the cost elements presented i n  Section 6 are oro jec t ions  
o f  cost be l  ieved achievable a f t e r  the needed bas ic  development i s  ca r r i ed  out. 
Select ion o f  Desiqn Model 
The primary design considerations here are concerncd w i t h  se lec t ing  a heat 
t rans fe r  matrix, es tab l i sh ing  f low configurations, determinina a core gemetry,  
and adopting a basis f o r  s t ruc tu ra l  design. 
1 .  Heat Transfer Matr ix  
There are 3 wide va r ie t y  o f  heat t rans fe r  mater ia l .  &hat can be u t i l i z e d  
i n  heat exchanger design, Typical  heat exchanger surfaces are i l l u s t r a t e d  i n  
Figure 5-28. To minimize s ize and weight of  heat exchangers, it i s  desirablr. 
t o  select  the heat t rans fer  mat r ix  w i th  the highest heat. :.,-ansfer area per 
u n i t  volume consistent w i t h  other  desisn const ra in ts .  The degree o f  compact- 
ness o f  various heat t rans fer  surfaces are constrasted i n  Flgure 50’29 and show 
a range rf about two-and-one-half order o f  magnitude. C lear ly  there i s  an 
over lap between geometries o f  d i f f e r e n t  types as the in te rna l  mat r i x  parameters 
are var isd over t h e i r  ava i lab le  ranges. 
considered i n  these heat exchangers are the var ious tubu la r  o r  p l a t e - f i n  
approaches. 
types of surfaces. 
where they can be used, resu l t  i n  a smaller and ; igh ter  heat u n i t .  
The types o f  surfaces tha t  could be 
Very h igh heat t rans fe r  coe f f i c i en ts  can be achieved w i t h  both 
I n  general, however, the  p la te - f i n  types o f  heat exchanger, 
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The h igh operat ing pressures associated w i t h  many o f  the u n i t s  o f  t h i s  
study r e s t r i c t s  the se lect ion o f  heat t r a n s f e r  matrixes. 
type i s  optimum from a heat t r a n s f e r  po int  of  view, t h e  pressure containment 
c a p a b i l i t i e s  o f  t h i s  type o f  construct ion are considerably poorer than o f f e r e d  
by the tubular  type construction. 
the p l a t e - f i n  type o f  heat exchanger i s  probably r e s t r i c t e d  t o  pressure leve ls  
below 500 psi.  Thus, the operat ing pressure leve l  r e s t r i c t s  the choice o f  the 
heat t rans fer  mat r ix  to  the  var ious types o f  tubu la r  construction, a t  least  f o r  
the h i g h  pressure heat exchangers. 
While the p l a t e - f i n  
A t  the operat ing temperatures of  in terest ,  
An add i t iona l  f a c t o r  for the  se lect ion o f  a tubu la r  mat r ix  i s  concerned 
w i t h  teakage of the contained tiuids. Since leakage of  oxygen i n t o  high- 
temperature, hydrogen-rich combustion products would cause catastrophic f a i l u r e ,  
leakage becomes a major design consideration. 
tends t o  increase the r a t i o  of stream f r o n t a l  t o  stream f law length. This 
means a greater summed length of braze or weld j o i n t  where d i r e c t  leakage i s  
most l i k e l y  t o  occur between the  t w o  f l u i d  streams. 
braze cr weld j o i n t  between the tube and the  header i s  less l i k e l y  t o  leak 
than the header j o i n t  o f  a t y p i c a l  brazed p l a t e - f i n  type construction. 
Furthermore, the tube j o i n t  genera l y  i s  more conducive t o  t e s t  and cor rec t ive  
procedures than the t y p i c a l  brazed p la te - f  i n  construction. 
Increased mat r ix  compactness 
I n  tubular  u n i t s  the  
With tubular  heat exchangers, extended surfaces may be added t o  t h e  
outside o f  the tubes by employing f ins .  
large temperature gradients. These temperature gradients could r e s u l t  i n  
f reezing temperatures a t  the hot f i n  root. 
provide quasi-stagnation zones a t  the  f i n  roots, and a t  the sharp corners 
would act as po in ts  o f  i n i t i a l  i ce  bui ld-up on the  combustion product side. 
I n  f inned tubes, once t h i s  i c e  bui ld-up occurs there e x i s t s  an unstable s i tua-  
t i o n  whereby the loss o f  hot-side extended surface area from ice  bui ld-up 
s u f f i c i e n t l y  reduces the wal l  temperature t o  promote add i t iona l  loss of 
e f f e c t i v e  heat t ransfer  area. This can cause substant ia l  reductions i n  overa l l  
heat t rans fer  performance as wel l  as sharp increases i n  hot f l u i d  pressure 
drop. 
control ,  -and do not provide the quasi-stagnation zones associated w i t h  extended 
surface matrixes. 
However, these f i n s  can introduce 
Furthermore, t i g h t l y  spaced fin.; 
Bare tube matrixes a l low b e t t e r  and more predic tab le metal temperature 
Offset rather than i n - l i n e  rows o f  tubes have been selected f o r  two 
reasons: 
f lowing over them, which resu l t s  i n  a large heat t rans fe r  c o e f f i c i e n t  f o r  a 
given pressure drop and thus a small heat t rans fe r  ma t r i x  f o r  a given require- 
ment; and (2) t he  tubulent mixing o f  the f l u i d  f lowing over the  tubes el iminates 
co ld stagnant areas associated w i th  the i n - l i n e  configuration. 
p o s s i b i l i t y  o f  ice formation i s  reduced when the staggered tube conf igura t ion  
i s  used. 
( I )  the staggered tube rows create high turbulence i n  the f l u i d  
Thus, the 
2. Flow Confiquration 
Having selected a tubu la r  matrix, an obvious conclusion i s  t o  flow 
the cryogen inside the tubes and the combustion products outside the tubes. 
The cryogen i s  cons is ten t ly  the  highest pressure f l u i d ;  hence, t he  she l l  
s t ruc tu ra l  requirements are lessened when the she l l  i s  designed t o  contain the 
combustion products. 
centage o f  the i n l e t  t o t a l  pressure ava i lab le  f o r  promoting the h igh  heat 
t rans fe r  coe f f i c i en ts  o f  flow across tubes. Hence, mult ipassing o f  the com- 
bust ion products can be used t o  achieve high ve loc i t y  o f  the combustion pro- 
ducts through the matrix, ensuring a high heat t rans fe r  coe f f i c i en t .  
addit ion, mult ipassing can be used t o  achieve a desirable shape f o r  the matrix. 
I n  addit ion, the combustion products have a h igh  per- 
I n  
Another d i s t i n c t  advantage o f  f lowing the cryogens through the tubes 
ar ises from the thermal stress loads i n  the advent o f  water vapor freezing. 
Consider a u n i t  w i t h  the cryogen outside tubes and the combustion products 
ins ide the tubes. Assume an abnormal mode o f  operation tha t  causes a f r o s t  
bui ld-up ins ide a tube. The f l o w  i n  the tube would decrease, and the f l u i d  
i n  the tube would su f fe r  a greater temperature drop. 
would drop, and freezing would continue u n t i l  v i r t u a l  o r  t o t a l  blockage o f  the 
tube occurred. The combustion products and the mean wal l  temperature o f  the 
tube would approach the mean cryogen temperature. The r e s u l t i n g  temperature 
gradient between the co ld tube and adjacent tubes a t  the constraining header 
could be increased by more than 600°F and cause severe t e n s i l e  thermal stress 
i n  the co ld tube. 
across the tubes because the e f f e c t  o f  p a r t i a l  blockage w i l l  not a f f e c t  
ind iv idual  tubes. 
The wal l  temperature 
This danger Is prevented by f lowing the combustion products 
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3. Core Geometry 
For a1 1 heat exchangers except the gas counterf low types, a cross- 
p a r a l l e l  f l o w  conf igura t ion  w i t h  the hot f l u i d  multipassed was used. J u s t i -  
f i c a t i o n  f o r  th is ,  as we l l  as j u s t i f i c a t i o n  f o r  r e c m e n d i n g  use o f  d m u l t i -  
passfid, cross-para1 le1 f low conf igurat ion when the  co ld  f l u i d  i s  greather than 
50G0h, i s  given I n  tnc  fur lowing paragraphs. 
The performat:ce o var icus types of heat exchanger f low conf igurat ions 
i s  i l l u s t r a t e d  i t  Figure 5-30. 
ness against NTU requir tnents ( a t  a f i x e d  capacity r a t e  r a t i o )  where the NTU 
requirement i s  a measure o f  heat exchanger size. As i l l u s t r a t e d  i n  t h i s  figure,, 
the smal l e s t  s ize  heat exchanger can be achieved w i t h  a counterf low co1,figuracim. 
This curve p lo ts  heat exchanger e f fec t i ve ,  
When the temperirture o f  the co ld  f l u i d  i s  less than the f reez ing temper- 
a tu re  o f  water, however, there i s  a p o s s i b i l i t y  o f  i c e  formation,and the  
thermal gradients are more severe w i t h  the  counterf low conf igurat ion.  Figures 
5-31 and 5-32 contrast  the temperature d i s t r i b u t i o n  f o r  p a r a l l e l  and counter- 
f low heat exchangers. 
along the tube wa l l  are much more severe than i n  the  p a r a l l e l  f low un i ts .  
Thus, the p a r a l l e l  f low u n i t  i s  more advantageous from both a s t r u c t u r a l  stand- 
po in t  and a reduction i n  the  p o s s i b i l i t y  o f  freez; .g. 
could be a1 lev ia ted  by reducing th? combust ion product temperature di f ference, 
t h i s  would require a large increase i n  the propel lant  requirements t o  provide 
the  condi t ion ing epergy requirements. Therefore, para1 le1 flow u n i t s  are used 
f o r  a l l  heat exchangers where the temperature o f  the  co ld f l u i d  i s  less than 
500°R. 
In th;, counterf low arrangement the  temperature gradients 
While these problems 
When the i n l e t  temperature o f  the co ld  f l u i d  i s  greater than 500'R, the  
p o s s i b i l i t y  of f reez ing no longer exists,  and the temperature gradient along 
the tube bundle i s  diminished, allawi,:g the counterf low conf igura t ion  t o  be 
employed. Since the  countorf low conf igurat ion r e s u l t s  i n  a smaller heat 
exchanger, i t s  use i s  highly rccomnended when possible. 
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For most designs, the hot f l u i d  combastion products make several cross- 
f l o w  passes. Each pass i s  o f  s u f f i c i e n t l y  l o w  t o t a l  temperature r i s e  t o  avoid 
excessively co ld corners w i t h i n  the mat r ix  caLscd by the transverse temperature 
gradient inherent i n  crossf low heat exchangers. The m u l t i p l e  pass 3:range- 
ment provides optimum use o f  the combustion products, but  requires h igh  pressure 
drop. I t  does resu l t  i n  a reasonable packaging shape. 
The mult ipass conf igura t ion  decreases the rad ia l  temperature gradient 
per pass as the nunher o f  passes increases. This re l ieves  back heat f low 
and decreases thermal stresses a t  the  po in t  o f  ba f f le - tube contact. 
4. Flow S t a b i l i t y  and k l d i s t r i b u t i o n  
Serious performance and s t ruc tu ra l  d i f f i c u l t i e s  w i l l  r esu l t  from designs 
tha t  have flow ins tab i  1 it ies and f low mald i s t r i bu t i on  across the mat r ix  face. 
Such i n s t a b i l i t i e s  stem from h igh f low accelerat ion-decelerat ion and k i n e t i c  
losses r e l a t i v e  t o  the  f r i c t i o n a l  drag losses. B o i l i n g  and superc r i t i ca l  
hydrogen and oxygen u n i t s  su f fe r  large changes i n  mean f l u i d  densi ty  from 
in le t - to -ou t le t ,  and have r e l a t i v e l y  low f r i c t i o n  loss i n  a h i g h l y  turbulent  
f l o w  condit ion, which can set up pressure and flow o s c i l l a t i o n s  i n  the tubes. 
The present designs recognize such problems and u t i  1 i ze  tu rbu la to rs  and severe 
r i n g  dimpling in.zones o f  h igh f l u i d  densi ty changes. 
the  p r e d i c t a b i l i t y  o f  heat t rans fe r  performance and genera l ly  reduce the  tube 
w a l l  temperature a t  the combust ion product i n l e t .  
Such devices fu r the r  a i d  
Flow ma ld i s t r i bu t i on  can be intraduced by poor duct design, core i n l e t  
and o u t l e t  e f fects ,  and by interpass t u r n  geometr.ies. 
parametric studies, core dimensions and volumes r e f l e c t  interpass canbustion 
product f l o w  areas s u f f i c i e n t l y  h igh so as not to  produce mald is t r ibu t ion .  
incident k i n e t i c  head t o  any mat r ix  must be much lower than the mat r ix  f r i c -  
t i o n a l  loss, and the core diameter, she l l  diameter, and duct ing are a l l  
establ ished co maintain the k i n e t i c  head a t  less than I O  percent o f  the  
f r i c t i o n a l  pressure loss. 
Even i n  the  pre l iminary 
The 
5. St ructura l  Considerat ions 
A l l  components o f  the heat exchanger are considered t o  be fabr icated from 
high-temperature, ox id iza t ion- res is tan t  a l loys.  
a l l o y  has not yet  been established, Haynes A l l o y  188 and Haste l lov X are the 
leading candidates. 
ponents depends on design s t ress leve ls  and minimum gages f o r  manufacturabi l i ty .  
Although t h e  m s t  su i tab le  
The thickness o f  the mater ia ls  used f o r  the  various com- 
Select ing design s t ress leve ls  f o r  t h e  components depe ds or? r+my factors ;  
t yp ica l l y ,  these factors  include the  temperature o f  the materials, the temp- 
erature gradients i n  the material,  the number o f  thermal cycles t h e  mater ia l  
experiences, the  design l i f e  of the mater ia l ,  the number of pressure cycles 
the  mater ia l  experiences, and such other fac to rs  as v i b r a t i o n  levels.  
Obviously, many o f  these factors cannot be defined i n  a parametric study. 
The approach taken, therefore, was t o  es tab l i sh  a re la t ionsh ip  between design 
stress and operat ing temperature, which i s  representat ive f o r  most appl i ca t  ions. 
These design stresses are used t o  determine. component thicknesses based on 
pressure containment.. Design s t ress as a func t ion  of temperature i s  shown on 
Figure 5-33. The i n i t i a l  design and development e f f o r t  f o r  the  sophist icated 
heat exchangers considered here must include an extensive a n a l y t i c a l  and ex- 
perimental program aimed a t  v e r i f i c a t i o n  of t h e  s t r u c t u r a l  design basis. 
The design stress leve ls  presented i n  Figure 5-33 are based on creep- 
rupture data on Hastel loy X, and are considered representat ive o f  any o f  the 
s t ruc tu ra l  mater ia ls  which are su i tab le  for t h i s  appl icat ion.  
stress leve ls  represent a l i f e  t o  f a i t u r e  o f  about 10,OOO hr over the tempera- 
tu re  range shown. For the actual heat exchangers, i n  which design l i f e  i s  
probably c loser  t o  1000 hr, t h i s  represents a safety  f a c t o r  o f  10 on operat ing 
l i f e ,  corresponding t o  a fac to r  o f  safety  o f  1.5 on stress. 
The design 
The heat exchangers must be sa t is fac to ry  f o r  sustained pressure loads o f  
up t o  1000 ps i  f o r  the Gperating l i f e .  
subsequent t o  the i n i t i a l  heat t rans fer  design, mater ia l  thicknesses are de- 
termined by s i m p l i f i e d  analyses such as using membrane loads o f  c y l i n d r i c a l  
and spher ical  shel ls.  
include determination o f  d:scont inui ty stresses such as those due t o  pressure 
d e f l e c t i o n  mismatches a t  a heater, c y l i n d r i c a l  shel l ,  and spher ical  end cap 
j o i n t .  
For the  pre l iminary s i z i n g  required 
For the f i n a l  design a de ta i led  s t ress analysis would 
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I f  !-ne i n l e t  temperature o f  the combustion products i s  2000'R o r  less and 
i f  environmental considerations a l low the she l l  t o  be a t  the same temperature 
as the combustion products, then the she l l  can be constructed o f  a s ing le  
layer  of sheet metal. 
i s  greater than 2000'R, or  i f  environmental considerations requi re tha t  the 
she l l  must remain cool, then tne she l l  must be a c t i v e l y  cooled. This i s  
accomplished by using double-wall const ruct ion fo r  tho she l l .  Coolant--gener- 
a l l y  a po r t i on  o f  the cryogen t o  be warmed--flows i n  the passage between the 
inner and outer  wal ls,  maintaining both wa l l s  a t  an acceptable temperature. 
Fins are inserted i n  the cool ing passage between the  two wa l l s  t o  promote heat 
t rans fe r  and improve t ' le  s t ruc tu ra l  i n t e g r i t y  o f  the  she l l .  No weight o r  
volume penal ty i s  incurred f o r  using double-wall const ruct ion f o r  the  she l l .  
The she l l  i s  provided w i t h  bellows t o  a l low i t t o  expand l o n g i t u d i n a l l y  as 
requ i red. 
I f  the i n l e t  temperature of the combustion products 
Baff les are located w i t h i n  the heat t rans fer  mat r ix  t o  fo rce  the com- 
bust ion products t o  f l o w  across the tubes several times. This technique, 
which i s  known as multipassing, increases the v e l o c i t y  o f  the combustion 
products as they f l o w  over the tubes, which raises the convective conductance 
between the tubes and the combustion products and prevents i c e  formation on 
the tubes wh i l e  reducing the mat r ix  s ize.  The b a f f l e s  cons is t  o f  a s ing le  
layer  o f  sheet metal when the i n l e t  temperature o f  the combustion products 
i s  less than 2000'R. 
than 2000'R, a1 1 ba f f l es  experiencing temperatures greater than 2000'R are 
a c t i v e l y  cooled i n  the same manner as the s h e l l  
I n  heat exchangers using i n l e t  teirpsratures greater  
For oxygen service, leakage of the  oxygen i n t o  the combustion products 
w i l l  cause a catastrophic f a i l u r e  o f  the hzat :hanger. To ensure against 
t h i s ,  a double-walled header rrlay be used i n  the region where the tubes penetrate 
the to ro ida l  header ducts. 
pressurized w i t h  n i t rogen t o  a leve l  s l i g h t l y  higher than tha t  o f  the  oxygen 
so tha t  any leaks between the header ducts and tubes would resu l t  i n  a small 
n i t rogen leak i n t o  the oxygen rather  than a catastrophic leak o f  oxygen i n t o  
the  combust ion products. 
Typ ica l l y  the spac2 between the two wa l l s  would be 
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I n  assigning working stresses t o  the various components, each component 
i s  assumed t o  be a t  operat ins temperature, and the components ate designed t o  
contain pressure according t o  the design stresses i n  Figure 5-33. Design 
temperature and stresses f o r  each component are given below. 
a. Tubes 
Tubes must operate a t  temperatures as h igh  as 1800CR, which corresponds 
t o  a working s t ress o f  5000 ps i .  
shown on Figure 5-34. 
Tube thicknesses and minimum gages are 
b. Shel ls 
I t i s  assumed tha t  there w i l l  be a t  least  a 200'F temperature drop i n  
the combustion products across the f i r s t  pass o f  the tubes when the i n l e t  
temperature o f  the combus:ion products i s  2000'R. 
temperature o f  the slx11 i s  1800°R, which corresponds t o  a working s t ress 
of 5000 ps i .  
Therefore, the design 
The ninimum shel.1 thickness i s  0.032 in. The expansion bellows, i f  
required, are not considered t o  a f f e c t  she l l  weight. 
c. Combust ion Products Ducts 
The combustion products ducts must operate a t  combust ion products i n l e t  
temperature unless they are a c t i v e l y  cooled. 
bust ion products can be as high as 2000'R i n  heat exchangers tha t  do not use 
cooled ducts, the design temperature o f  the ducts must be 2000'R. 
a l l  combust ion products ducts use a design s t ress o f  2000 ps i .  
Since the temperature o f  com- 
Therefore, 
I f  the heat exchanger operates w i th  combust ion products h o t t e r  than 
2@00°R, the ducts must have double wa l l  construction, and the  coolant f lowing 
between the wa l ls  must cool the irlner w a l l . t o  2000'R. The double wa l l  con- 
s t r u c t i o n  w i l l  have the same weight as a s ing le  wa l l  duct designed t o  a 2000- 
psi  working stress. The minimum duct thickness i s  0.032 in. 
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Figure 5-34. Tube Wall Thicknesses for  1700'R Maximum Temperature 
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d. Toroidal  Header Guct 
The to ro ida l  header duct has two thicknesses associated w i t h  i t :  ( i )  the 
region where the tubes penetrate the duct, ana ' !2j the remaining mater ia l  o f  
the duct. 
The ring-shaped region where the tubes penetrate the duct can experience 
temperatures tha t  are close t o  t t . - *  i n l e t  temperature o f  the combustion pro- 
ducts. Furthermore, i t  must be s t i f f  t o  prevent the formation of leaks a t  
the tube-duct interface. 
the thickness o f  t h i s  po r t i on  o f  the header duct i s  set a t  2 times the she l l  
thickness, w i t h  a minimum thickness o f  0.064 in. The weight o f  t h i s  po r t i on  
o f  the header duct i s  based on t h i s  thickness and should be reasonably accurate 
whether a t h i c k  s ing le  wal l  o r  a double wa l l  i s  employed. 
To conta in  the cryogen pressure and provide s t i f f ness ,  
The remaIrring mater ia l  i n  the to ro ida l  header duct operates a2 temperatures 
much closer 
the duct w i  
temperature 
o f  the duct 
i s  0.032 i n  
e. Baf f les  
t o  tha t  o f  the co ld f l u i d .  
1 approach 1600'R; however, 1600'R has been used as the design 
o f  t h i s  por t ion  o f  the duct. 
uses a design s t ress o f  20,000 ps i .  Minimum mater ia l  thickness 
I t  i s  u n l i k e l y  tha t  t h s  remainder of  
Conseqgently, the rema:qing po r t i on  
The b a f f l e s  are constructed o f  0.032-in.-thick shoet metal. I f  the heat 
exchanger operates w i t h  c-mbust ion products a t  temperatures greater  than 2C?00°R, 
some o f  the b a f f l e s  w i l l  requi re  cooling. This  necessitates double-wall con- 
s t ruct ion,  which would double the weight o f  the ba f f l e .  This ex t ra  weight 
has not been accounted f o r  i n  the study, but the b a f f l e s  represent a small 
por t ion  o f  heat exchanger weight so t h i s  inaccuracy i n  high-temperature heat 
exchangers has 1 i t t l e  a f f e c t  on ove ra l l  we!ght. 
6. 
coup 
t e s t  
i a l s  
S t  a t  e-of - t he-A rt Eva 1 ua t ion 
The heat exchangers j u s t  described car1 be b u i l t  w i t h  very h igh r e l i a b i l i t y  
ed w i t h  1 ight weight using e x i s t i n g  engineering, design, fabr icat lon,  and 
techniques. Enough data on cryogenic heat t ransfer ,  propert its o f  mater- 
a t  h igh and low temperature, and fab r i ca t i on  o f  compact heat exchangers 
invo lv ing severe temperatures and thermal gradients nave been generated from 
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previous development programs to  sharply reduce, i f  not eliminate, any further 
development e f f o r t s  required before the above described heat exchangers could 
be used. These statements apply both t o  heat exchangers using simple, single- 
walled shel ls and ducts and ta heat exchangers requi r ing ac t ive  coc'ing of  the 
she1 1 and d u ~ i  ziirfaces. 
However, any heat exchanger o f  the type described i n  t h i s  sect ion i s  con- 
Therefore, each sidered t o  be special ly designed t o  a par t i cu la r  appl icat ion. 
heat exchanger t o  be b u i l t  w i l l  require extensive e f f o r t  in  engineering and 
testing, despite the fact  that  the technology required t o  b u i l d  it exists.  
Heat Transfer Analysis 
The methads and equations used t o  establ ish the size of the heat exchangers 
i s  presented i n  the fo l lowing paragraphs. 
I. Heat Fxhanqer Desiqn Variables 
As given i n  Section 2, the design variables required f o r  a k a t  exchanger 
design are: 
w = cc id stream mass f l a w  rate 
T 
C 
c, in' = cold stream i n l e t  temperature 
' c ,  i n  = cold stream i n l e t  pressure 
'h 
Th, i n  
P 
Hot f l u i d  propert ies 
Cold f l u i d  propert ies 
= hot stream mass flow rate 
= hot stream i n l e t  temperature 
h, i n  = hot stream i n l e t  pressure 
@h = hot stream pressure loss 
ApC = cold stream pressure loss 
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These var iables are combined and manipulated i n  the fo l l ow ing  manner. 
For two- f l u id  heat exchangers using conventional surfaces, there are three 
basic governing equations r e l a t i n g  the s i g n i f i c a n t  parameters. They are: 
I .  The o v e r z l l  heat t rans fe r  ra te  equation 
4 = U (Th - Tc) 
dA 
where : 
3 I= heat f l u x  per u n i t  t rans fe r  area dA 
(Th - Tc) = the d r i v i n g  temperature po ten t i a l  a t  l oca t i on  o f  
the heat f lux,  
U * ove ra l l  thermal conductance referenced t o  the d r i v i n g  
temperature po ten t i a l  ( t h i s  t e n  i s  a grouping o f  terms 
t o  be defined l a t e r )  
2. Thc geometric constraint  equation represented by the ef fect iveness 
equat ion 
3 rTh i n  -ITh,out , T c,out - Tc,in 8 -  . 9 = " A . [ T '  %ax h,in - T  c,in Th,in - T  c,in 
whe re : 
= r a t i o  actual ra te  o f  t h e m 1  energy t rans fe r  t o  the 
maximum r a t e  o f  thermal energy t rans fe r  t ha t  i s  
t h e o r e t i c a l l y  possible 
%ax 
Effectiveness i s  a funct ional  o f  the fo l l ow ing  thenodynamic and 
geomet r i c var iables 
e = 9 (N C f l o w  conf igurat ion) 
tu, ry 
where : 
N t u  = 1- dA = number o f  heat t rans fe r  u n i t s  which i s  the 
ove ra l l  conductance normalized by the 
minimum stream capacitance, 
‘min 
0 
‘min. 
Flow arrangement = the p a r t i c u l a r  geometric re la t i onsh ip  o f  the 
f l u i d  streams, c.g., counterflow, p a r a l l e l  
flow, o r  crossflow. 
C = Wc f l u i d  capacity ra te  
P’ 
9 
= HIN (Ch ‘min 
/C - ‘r ‘min max 
To a good approximation, Ntu can be integrated t o  give:  
- UA -- 
Nt.J Cmin 
Ntu’ The fo l l ow ing  re la t ionsh ips  express the re la t i onsh ip  between 6, 
Cr, and f l ow  configuration. 
re la t i onsh ip  i s :  
For para1 le1 flow configurations, the 
A 
I - exp ( I  + ‘r) 
e =  I + c r  
For counterf low configurations, the re la t i onsh ip  i s :  
e =  
For boi lers ,  Cc i s  i n f i n i t e ;  hence, Cr i s  zero. 
becorms : 
The expression then 
e =  I - exp (-Ntu) 
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3. The al lowable pressure drop equation w i t h i n  a core a t  low Mach number: 
Pout 
- IoG2  [ 
2)+2 (!.k -1) + - f P i  nL - ( I - 3 - K  ) 
e AP = 5.35~10 ( Kc+ l -o  
29c Pin pout 'mrh 
where : 
G = 5, mass v e l o c i t y  A 
(5-59) 
f = f r i c t i o n  f a c t o r  dependent on t h e  nature o f  the heat trans- 
fe r  matrix, f l u i d  mass velocity,and f l u i d  v i s c o s i t y  
I OG2 - 5.35~10- - 
2gc Pin 
Pout 
- f -  Pin  
'mrh 
- 2 K +I-o 
C 
These equations show the  
i n l e t  v e l o c i t y  head 
f low accelerat ion 
f r i c t  iona 1 pressure 1 oss 
entrance head loss 
e x i t  head loss 
contract ion pressure loss c o e f f i c i e n t  
expansion pressure loss c o e f f i c i e n t  
r a t i o  o f  f low area t o  f r o n t a l  area 
i n te r re la t i onsh ip  between a given heat t r a n s f e r  
requirement, the ove ra l l  conductance, and the heat t rans fe r  area. 
d e f i n i t i o n  f i xes  the heat rate, the temperature potent ia l ,  and the e f fec t i ve-  
ness. 
minimizing the area w i t h i n  the l i m i t a t i o n s  o f  spec i f ied  pressure allowances. 
Weight ar ises both from tha t  weigltt a t t r i b u t e d  t o  the mat r ix  surface area and 
from the external s t ruc tu re  required both t o  support and connect the inner +eat 
t rans fe r  mat r ix  and t o  duct and contain the f l u i d s .  
The problem 
Heat exchanger weight i s  optimized by maximizing the conductance and 
Matrixes that  are compact 
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(h igh area density per un i t  w'lume) and give high performance (y ie ld ing  
a high conductance per un i t  o f  pumping power) are the m s t  desirable. 
Further information on the nature o f  heat exchanger opt imizat ion can be 
found by invest igat ing the fol lowing conductance equation: 
The f i r s t  and t h i r d  terms on the r i g h t  hand side are the f l u i d  convection 
contr ibut ion;  the second term, usual ly negl ig ib le,  i s  the conduction contr i -  
but ion o f  the metal walls. It may be concluded tha t  increasing the convection 
coef f i c ien ts  increases U and decreases the required area and weight. There i s  
h l i m i t ,  however, t o  the benef i ts  o f  a r e l a t i v e l y  high coef f i c ien t  on a given 
side because the indiv idual  contr ibut ions are re la ted i n  such a manner that  
one side may be dominant. 
The convective conductance h i s  dependent on the mass f l u x  ve loc i ty ;  the 
f l u i d  Prandtl number, spec i f i c  heat, and viscosi ty;  and the s ize and nature 
of the heat t ransfer inatrix. Thus, there i s  an in ter re la t ionship between 
f l u i d  properties, pressure drop, and matr ix  propert ies which determines the 
magnitudes o f  h and h-. h L 
There are also addi t ional  condit ions that m s t  be met. "Reasonableness" 
of f i na l  design geometry l i m i t s  the f i n a l  arrangement of hot and cold s ide 
matrixes. 
packagable, or may impose f l u i d  f low problems. 
are severely l im i ted  by the re la t i ve  magnitude o f  the r i g h t  hand terms of the 
pressure drop equation as wel l  as the i n l e t  and ou t l e t  ve loc i ty  heads. 
a l l y ,  it i s  benef ic ia l  t o  both d i s t r i b u t i o n  and s t a b i l i t y  t o  have f r i c t i o n a l  
component dominate by a factor  o f  5 o r  greater. 
Uni ts tha t  are theore t ica l l y  acceptable may not be manufacturable, 
Flow d i s t r i b u t i o n  and s t a b i l i t y  
Gener- 
I n  the heat exchangers o f  t h i s  study there are also maximum and minimum 
wal l  temperature l im i ta t i ons  imposed upon the heat exchanger designs based on 
s t ructura l  and freezing considerat ions, respectively. The f o l  lowing equation 
determines w a l l  temperature: 
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T =  
where the 
W 
Th + Tc (TCR) 
I + TCR (5-61) 
thermal conductance r a t i o  (TCR) i s  defined as: 
(5-62) 
For the heat t ransfer  matrixes used i n  t h i s  study, the heat t ransfer  
areas of the hot and cold sides are nearly the same, i.e., the tube wal l  
area. Thus, 
C 
h 
TCR = - 
hh 
( 5-63) 
Therefore, f o r  a given wal l  temperature there i s  an addi t ional  l i m i t  imposed 
on the re la t i ve  magnitudes o f  h 
2. Data Correlat ions 
and hh. 
C 
The values o f  f r i c t i o n  factor  f and convective conductance h are 
based on nondimensional experimental data corre la t  ions f o r  the Par t i cu la r  
heat transFer matr ix used. The nondimensional correlat ions depend on the 
exact nature o f  the inside and outside heat t ransfer surfaces. 
I n  t h i s  study many combinations o f  internal  and external heat trans- 
f e r  surfaces are used, w i t h  the exact combination depending on the corn 
binat ion o f  heat t ransfer  region (boi l ing,  supercr i t i ca l  or gaseous), 
Ph, Pc, APh, PC, hh and k specified. 
t o  present the corre la t ions f o r  a l l  the heat t rans fer  surfaces investigated 
i n  t h i s  study. 
cores, and apply t o  any f l u i d  w i th  a Prandtl number near 1.0, such as the 
gases, vapors, and supercr i t ica l  f l u i d s  o f  t h i s  stirdy, upon using the 
appropriate equations re la t i ng  h and f t o  the dimensionless tes t  data. 
Consequently i t  i s  impractical 
C 
The data used are obtained from geseous tes ts  on actual 
Computer techniques were used t o  generate parametric heat exchanger 
data over a broad range o f  operaticg conditions. 
performance and design computer programs were modified t o  handle the 
pecul i a r  heat transport propert ies o f  the combust ion products and cryo- 
genic hydrogen and oxygen. 
Ex is t ing heat exchanger 
The accuracy o f  the  heat exchanger performance 
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pred ic t i on  i n  a l l  s i ng le  phase u n i t s  i s  l i m i t e d  by the fo l l ow ing  two major 
e f f e c t s  : 
( I )  Nonlinear bulk, stream transport  property behavior, espec ia l l y  
spec i f i c  heat during instances o f  s u p e r c r i t i c a l  oxygen and hydrogen 
heat t ransfer .  
( 2 )  Extremely high wa l l - to -bu lk  stream temperature gradients ( t .a t ios  
excezding 20 t o  I i n  some designs) impose severe densi ty and other 
property gradients on the v e l o c i t y  and thermal boundary layer. 
As d,iscussed e a r l i e r ,  simple tubu la r  heat t rans fe r  matrixes were selected 
f o r  the designs. 
f o r  the parametric study, AiResearch t e s t  data f o r  f l u i d s  w i t h  Prandtl  number 
o f  the order o f  one were assumed applicable. 
previous experience; t h i s  data can be modif ied by su i tab le  ca l cu la t i on  tech- 
niques t o  r e l a t e  it t o  the f l u i d s  under consideration. 
To establ i sh  consistency, general i ty,  and reasonable accuracy 
This assumption was based on 
The use o f  tu rbu la to rs  and f l o w - o r i f i c i n g  a t  the cryogenic f l u i d  i n l e t  
can be used t o  promote f l ow  s t a b i l i t y  and minimize the  impact o f  some uncer- 
t a i n t i e s  i n  performance predict ions.  Also, i n  c e r t a i n  designs the pred ic tab le  
side (i.e., hot  o r  co ld  s ide o f  a heat exchanger) was the  c o n t r o l l i n g  side, 
and large discrepancies on the more ambiguous opposing side are to lerable.  
I n  conclusion, the basic data c o r r e l a t i o n  tha t  was used incorporated 
c lass ic  Colburn modulus and Fanning f r i c t i o n  fac to r  data modif ied t o  include 
v a r i a t i o n  i n  propert ies across the boundary layer. 
The general form o f  the cor re la t ions  used depends on the proper t ies  o f  
the f l u i d s  involved. The v a r i a t i o n  i n  propert ies requires use o f  three 
d i f f e r e n t  sets o f  co r re la t i on  equations: 
superc r i t i ca l .  The boundaries o f  these regions are given i n  Table 5-1 f o r  
the co ld f lu ids.  
The boundaries on heat t rans fe r  regions f o r  the co ld f l u i d s  i s  based on 
information i n  Reference 6. 
( I )  gaseous, (2)  bo i l i ng ,  and (3) 
The combustion products are considered t o  always be gaseous. 
The governing equations f o r  the data corre 
heat t rans fe r  region. 
a t ions  are presented below by 
- 
I 
u) 
W 
4 
cc 
I- 
m 
0 
Q) - - 
0 
0 
In 
U 
0 
0 z 
0 In 
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a. Gaseous Heat Transfet Reqion 
This region includes the combustion products as we l l  as the regions f o r  
the co ld f l u i d s  defined i n  Table 5-1. Special considerations f o r  the combus- 
t i o n  products are presented i n  subheading d. 
Convective conductance i s  obtained from the  fo l low ing  equation: ' 
n 
G j C  
h = '*-(?) 
Prb 
( 5 - 6 4 )  
The correct ion factors  f o r  var ia t ions  i n  f l u i d  propert ies are taken from 
Chapter 12 o f  Reference 7. A l l  p roper t ies are based on the  temperature o f  the  
bulk  f l u i d .  The Colburn heat t rans fer  modulus j i s  a funct ion o f  Reynolds 
number fo r  the  p a r t i c u l a r  heat t r a n s f e r  surface employed, and i s  based on 
t e s t  data : 
jb = @ (Reb) (5-65) 
where 
The Fanning f r i c t i o n  f a c t o r  f i s  corrected for property var ia t ions  
according t o  the  procedures ou t l ined  i n  Reference 7. 
m 
f = f (L) 
Tb 
where 
fb = @(Reb) 
Values f o r  m and n are given i n  Table 5-2, 
(5-67) 
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TABLE 5-2 
EXPONENTS FOR VARIATION I N  PROPERTIES 
I N  GASEOUS HEAT TRANSFER 
Mode 
bf Heat Transfr r 
Inside Tubes 
Laminar 
Turbulent 
Outside Tubes 
No d i s t i n c t i o n  
between laminar 
and t u  rbu 1 ent 
Heat i ng 
m 
I .o 
-0. I 
0.0 
b. Boi l  ins Heat Transfer Reqion 
0.0 
-0.5 
0.02 
Cool ing 
CTw c Tb) 
m 
I .o 
-0. I 
0.0 
n -- 
0.0 
-'. 0 
0.02 
The convective conductance h i s  based on Equations 3.9 and 3.12 o f  
Reference 8 f o r  f low inside a smooth tube: 
= * (Xtt) Nuexp 
calc, vsp 
Nu 
Nucalc, vsp 
C - ov h 
V 
Pr" - k  
The average density p i s  obtained from 
avg 
2pl pv 
pavg PI +% 
a- 
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The above expression f o r  
fac to r  : 
Nu can be rewr i t ten  i n  terms o f  the Colburn j 
0.14 
jcalc,vsp 
Data points  corresponding t o  the above re la t ionsh ip  were used i n  the 
computer program. Convective conductance i s  given by:  
GC 
jcalc,vsp pv 
2/3 h =  Pr  
V 
I n  determining h, j was i 9 t  equal t o  j Examinat ion o f  the r e l s t  ion- 
ship between Nu /Nu and +t indicates t h a t  Nuexp,Nucalc var ies  
from 2.0 a t  the  heat exchanger i n l e t  t o  0.5 a t  the  out le t ,  and averages 1.0 
over the length o f  the heat exchanger. Normally the c r i t i c a l  tube wal l  tem- 
perature f o r  f reezing i s  located a t  the ou t ie t ,  where the actual  value of h 
on the inside o f  the' tube i s  one-half i t s  calculated value. 
the p r o b a b i l i t y  o f  f reezing a t  the o u t l e t  i s  diminished by the  use o f  average 
values o f  h. A t  the i n l e t  the temperature d i f ference between the two f l u i d s  
i s  greatest, so tha t  a higher-than-average c o e f f i c i e n t  can be to le ra ted  
calc,vsp exp' 
exp calc,vsp J vsp 
Consequently, 
The Fanning f r f c t i o n  fac to r  was based on data for severely dimpled tubes 
t o  simulate an o r i f i c e  a t  the  ou t le t .  
c. Supercr i t  i ca l  Heat Transfer Reqion 
The Reynolds number used was Revsp. 
I h e  convective conductance was based on the  Shitsman c o r r e l a t i o n  taken from 
Reference 6 f o r  near-cr?*- ica l  f l u i d s :  
0.8 0.4 
(Prmin) 
Nu = Nub = 0.023 (Reb) 
where Prminrefers t o  the  smllrr of the Prandtl  number evaluated a t  the  b u l k  
temperature and the  Prendtl  number evaluated a t  the wal l  temperature. Rewrit- 
ing t h i s  expression i n  terms of I Colburn j f a c t o r  and convective conductance 
g i ves 
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b‘ where j i s  the value o f  the Colburn modulus evaluated a t  Re b 
The f r i c t i o n  fac to r  i s  evaluated a t  Re, and corrected by a v i scos i t y  
ra t i o ,  as explained i n  Reference 7 fo r  property correct ions i n  l i q u i d s :  
where 
In = 0.58 (Laminar) 
m = 0.09 (Turbulent) 
d. - Compressed Liquids 
Compressed l i q u i d s  must be warmed from t h e i r  compressed s ta te  50  e i t h e r  
a saturated o r  near -c r i t  i c a l  s ta te  before the heat t rans fe r  re la t ionsh ips  
presented i n  subheadings b and c above r igorous ly  apply. 
the l i q u i d  undergoes i n  reaching e i t h e r  o f  these s’3tes i s  much smaller than 
the enthalpy change it would undergo t o  a r r i v e  a t  the  maximum energy l i m i t  o f  
these states. Hence, i t  i s  assumed tha t  l i t t l e  e r r o r  I s  generated i n  lasing 
e i t h e r  b o i l  ing o r  superc r i t i ca l  heat t rans fe r  phcncmena t o  apply t o  subccio!ed 
1 iquid.  
The enthalpy change 
e. Combust ion Products 
This sub,leading discusses special phenomena associated w i th  the combustion 
products; heat t rans fe r  re la t ionships are given i n  subheading a. The combustion 
products contain a condensable and f ree tab le  component I n  t h e i r  water component. 
To avoid the f low i n s t a b i l i t y  and po ten t i a l  f reez ing problems which could a r i s e  
from al lowing water- t o  condense on the tubes i n  a macroscopic scale, the o u t l e t  
temperature o f  the combustion products i s  kept h o t t e r  t h m  the  dew po in t  of the  
water component. However, the tube wa l l  temperature i s  allowed t o  be as co ld  
as 550°R, which w i  1 1  o f ten  be below the dew point  o f  the  water component. I n  
t h i s  s i tua t ion ,  some water w i l l  condense i n  loca l  areas or the tube, on l y  t o  
reevaporateas the dropiets  r e j o i n  the mainstream of the combustion products. 
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These areas o f  l o c a l  condensation are t ransient because a local  condensP'ion 
w i l l  ra ise the external heat t ransfer coeff ic ient ,  which i n  tu rn  w i l l  ra ise 
the wal I temperature, thus enhancing evaporation o f  the condensate. Allowing 
the tube wal l  temperature t c  l oca l l y  f a l l  below the dew point of the water 
component o f  the cantustion products therefore i s  not expected t o  cause 
problems. 
3. Equations for the Supercr i t ical  Heat Transfer Reqion 
I t  was found that the supercr i t ica l  heat exchangers tended t o  operate at  
very high cold f l u i d  Reynolds numbers and had very high convective conductances 
fo r  the cold f l u id .  
drop t o  be due t o  flow acceleration. The large in ternal  heat t ransfer  co- 
e f f i c i e n t  causes the actual I C R  t o  be independent cf cold f !u id  pressure drop 
These phenomena cause nearly a l l  the cold f l u i d  pressure 
so .hat TCR can be set at near 
insulat icn on t5e tubes, or us 
configuration. 
a. Pressure Drop of Cold F ly  
y any desired value by addi t ion o r  removai OF 
ng a noncompact core such as a sp i ra l  tvbe 
d -. 
From Equation 5-59, a l !  pressure drop becanes 0%. . t o  f l a w  acrelerat ion 
when Reynolds number becomes very large; henck, 
'in 
Hence, For supercr i t ica l  f lu ids,  pout KC p. . i n  
-10 G2 5.35 x I O  L P =  
9, Pout 
For the high pressure gaseous un i ts  the cold f l u i d  pressure drop was also found 
t o  be due t o  f l o w  a c c r l e r ~ t i o n .  Hence, the above equation can be wr i t t en  
where the subscript "0" refers t o  the gas heat t ransfer  region and the sub- 
sc r ip t  "x" refers t o  the supercr i t ica l  heat t ransfer  region. 
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d t  ihe :.;?at trxcha.3ar out le ts ,  the  densi ty  o f  both the h igh pressure gas 
3:-id i-:u supercriLicd1 f l u i d  can be approximated by: 
Henrc. ,-ar B given f l u i d  a t  a given przsstire 
X,OUt 
0,OUt 
T 
- -  - X AP 
ApO T 
The r+r iyn model was studied parametr ica l ly  over a wide range using the  
:elat ionships and data discussed above. 
conducted as par t  of Contract NAS 9- I 1330, under subcont rac t  from the  iockheed 
Miss i les and Space Company (Reference 9). 
?:-a? t h a t  program al?c.ed the  estab? ishment o f  a convenient format for the 
The parametric computer analysis was 
The ins igh t  and conclusions drawn 
computer resu l ts  f o r  use i n  the handbook-type procedure desired here. 
The approach used i n  t h e  parametric study i s  t o  g ive  the  user complete 
freedom i n  varying the  I I  var iab les required t o  def ine a heat exchanger design, 
sl-lbject t o  the temperature l i m i t a t i o n s  placed on the  tube walls. TO accom- 
plis!-: t h i s  w i t h  a data set of f i n i t e  size, it i s  necessary f o r  the  user t o  
determine the UA required f o r  h i s  p p r t i c u l a r  heat exchangz;. 
rcquired UP. e l iminates flow rates and temperatures from t h e  list of independent 
variables. This  leaves pressures, pressure drops, and f l u i d  charac ter is t i cs  as 
the independent variables, which must be included i n  the data presentation. 
Consequently, the weight and volume data can be presented in  thr form of 
(W/UA) and(V/UA) as funct ions o f  f l u i d  type, heat t r a n s f e r  region, f l u i d  
pressure,and f l u i d  pressure drops. 
Calcu lat ing the 
The I imi ta t ions on a1 lowable temperatures o f  the  heat t r a n s f e r  matri.x 
requires tha t  the thermai conductance r a t i o  TCR a l s o  be presented i n  t h e  same 
mnner. 
by the maximum mater ia l  temperrliure and the  minimum wal l  temperature for avoid- 
ance o f  freezing. When t h i s  c r i t e r i o n  i s  .net, the  UA f o r  tha t  design i s  ca l -  
culated. 
by mu1 t i p l y i n g  (W/UA) and (V/UA) by VA. 
Acceptable desicys possess values o f  TCR w i t h i n  t h e  TCR range defined 
The user then ;an ca lcu la te  the heat exchanger weight and volume 
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It was found tha t  (W/UA) i s  independent o f  f l o w  rates of  the f l u i d s ;  
however, (V/UA) i s  dependent on both W and Ph. 
t o  correct  (V/UA) f o r  P 
Consequently, i t  i s  necessary 
C 
and Wc before m u l t i p l y i n g  by UA t o  ob ta in  volume. h 
A t yp i ca l  set o f  TCR, (W/UA) and (V/UA) are presented as Figures 5-35, 
5-36,and 54-37. The set shown i s  for  gasaus oxygen i n  p a r a l l e l  f l o w  w i t h  
zombustion products a t  I00 psia. S imi la r  sets o f  curves are provided i n  tire 
Design Reference Manual for the case o f  bo i l ing.  
t rans fe r  cases are a lso  covered for  hydrogen there. 
oxvgen i s  appl icable t o  ni t rogen due t o  the great s i m i l a r i t y  o f  these f l u i d s .  
I .  ,2enerat ion o f  Parametric Data 
Gaseous and b o i l i n g  heat 
The data provided f o r  
The data curves i n  Section 2 were generated in the fo l l ow ing  manner. A 
par t  icuiar- cold f : ~ - l d  Is se!ected,and the heat t rans fe r  re la t ionsh ips  appl icable 
t o  the p a r t i c u l a r  heat t rans fe r  region of i n te res t  are input t o  t h e  heat ex- 
changer design computer program. Then enough d i f f e r e n t  combinations o f  hot 
f l u i d  pressure, co ld  f l u i d  pressure, hot f l u i d  pressure drop,and co ld f l u i d  
pressure drop are esfabl ished t o  cover the e n t i r e  range o f  parametric data. 
Next, f l u i d  f l o w  rates and i n l e t  and o u t l e t  temperatures are selected which 
w i l l  r e s u l t  i n  a reasonable heat exchanger design. Then the computer program 
i s  used t o  determine the  weight, volume, and t h e m 1  conductance r a t i o  o f  an 
optimum heat exchanger a t  each combination o f  f l u i d  pressures and pressure 
drops. 
A t  each combination o f  press'_ es and pressure drops the computer generates 
over 400 separate heat exchanger designs covering a l l  combinations o f  heat 
t r a n s f e r  surfaces inside the tube, tube spacings, tube d 
o f  passes o f  the combustion products across the tubes wh 
reasonable. The weight, volume, and thermal conductance 
heat exchanger are then selected f o r  use i n  the parametr 
ameters, and number 
ch are considered 
r a t i o  o f  t he  optimum 
c data set. 
The c r i t e r i a  f o r  an optimum heat exchanger are l i g h t  weight coupled w i t h  
a core conf igura t ion  and ove ra l l  shape which i s  reasonable and easy t o  bu i l d .  
The weight of  the optinurn heat exchanger i s  d iv ided by the UA o f  the heat 
exchanger t o  generate one point  f o r  the (W/UA) data. The TCR o f  the optimum 
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Figure 5-35. Thermal Conductance Ratio for Gaseous Oxygen 
w i t h  Combustion Products a t  100 psia 
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Figure 5-37. Volume Factor for Gaseous Oxygen w i t h  Combustion 
Products a t  100 psia 
heat exchanger i s  used as one point  o f  the TCR data. 
(V/UA) on co ld f l u i d  f low rate and combination products pressure i s  known, the 
heat exchanger volume i s  d iv ided by UA, and the r e s u l t i n g  quot ient  i s  m u l t i p l i e d  
by the  appropriate f a c t o r  f o r  f low dependence t o  generate (V/UA). This value i s  
used as one point  o f  the (V/UA) parametric data. 
Once the dependence o f  
The above procedures w r e  repeated for a l l  f l u i d s  and heat t r a n s f e r  regions 
o f  the study. The data points  were then p lo i tsd ;  r e s u l t i n g  i n  the curves pre- 
sented i n  the  Design Reference Manual. 
2. Heat Exchariqer Desiqn Points 
The values o f  i n l e t  temperatures, out l e t  tamperatures, and o x i d i t e r - t o - f u e l  
r a t  i o  employed in generating t h e  parametric 
of a heat exchanger i n  the middle o f  a p a r t i c u l a r  heat t r a n s f e r  region. 
an average heat exchanger permits substant ia l  deviat  ioii ; 
without loss o f  accuracy. 
3 are chosen t o  Se representat ive 
Using 
e i t h e r  d i r e c t  ion 
a. Oxidizer-to-Fuel Rat  i o  
An ox id izer- to- fue l  r a t i o  (OF) o f  1.C was used t o  generate the  data curves. 
This value resu l ts  i n  a combustion temperature o f  roughly 21K)O'R. 
doubled, the c e u s t i o n  temperature i s  about 35000'R, which i s  the  maximum 
al lowable value f o r  the  study. 
1200'R, which i s  approaching a minimum value p r a c t i c a l  f o r  t h i s  c lass o f  
heat exchanger. 
t o  be encountered. 
I f  OF i s  
I f  OF i s  halved, the  combustion temperature i s  
Therefore, OF = 1.0 represents a middle o f  OF values l i k e l y  
b. F l u i d  Temperatures 
It i s  expected t h a t  the  major i t y  of heat exchangers w i l l  be p a r a l l e l  f l o w  
Therefore, the  heat exchangers used t o  u n i t s  w i t h  NtU between 0.5 end 2 .2 .  
generate the  pi jrametric data used an NtU of roughly 1.0. 
an ef fect iveness range between 0.5 and 0.6, and a capacity r a t e  r a t i o  between 
0.0 and 0.25. = 2000'R, Th,out = IOOO'R, 
and Tc,in a. 
tab l ished by Table 5-1 f o r  the  b o i l i n g  and supercr i t i - - .a l  heat t r a ? r + e r  regions. 
This i s  &btained w i t h  
This i s  acccmplished by using Th 
, n  
letermined by Table 5-1. Cold f l u i d  o u t l e t  ter.-p?rature i s  es- 
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For the gas p a r a l l e l  f low region, the co ld f l u i d  o u t l e t  temperature i s  set so 
tha t  the temperature r i s e  i s  i n  the middle o f  a band o f  reasonable co ld  f l u i d  
temperature r ises.  Table 5-3 presents o u t l e t  temperatures of the co ld  f l u i d .  
Pressure, 
ps ia  
Oxygen < 1000 
2 1000 
Gas 
Hydrogen I O  t o  2000 
TABLE 5-3 
Out 1 e t  
Temperature, 
O R  
4 00 
500 
350 
COLD FLUID OUTLET 
TEMPERATURES FOR GAS PARALLEL 
FLOW HEAT EXCHANGERS 
No counterf low neat exchangers were designed. The counterf low core i s  
i den t i ca l  t o  the gas p a r a l l e l  f l o w  core i n  pressure drops, (W/UA), (V/UA), and 
convective conductances generated f o r  a given pressure drop. 
gas p a r a l l e l  f l ow  parametric data can be appl ied t o  gas counterf low cores. 
Consequently, the 
c. F l u i d  F l o w  Rates 
Except f o r  cases invo lv ing f l ow  surveys, the  f l u i d  f low rates are set so 
tha t  heat exchanger weight i s  between 5 and 30 lb.  
3. Ranqe of Pressures and Pressure Drops 
The range o f  pressures and pressure drops covered var ies  among heat t rans- 
f e r  regions. Therefore, each heat t rans fer  region w l l l  be discussed separately. 
The pressure o f  the combustion products i s  always less than the co ld  f l u i d  
pressure f o r  the cases investigated. For example, the  hot gas pressures covered 
f o r  gaseous oxygen a t  1000 psia would be 7.5, 15, 30, 75, 150, 300, and 750 
psia.  A l l  combinations o f  pressure drops would be covered a t  Pc,in = 1000 psia, 
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. ind , 1 1 1  thc above values o f  P . I f  the oxygen pressure were 40 psia, then 
.)I1 i : ) inbiI ,st ions o f  p r z s s u r e  drops woLld be invest igated f o r  P o f  40 ps ia  
di1d P o f  7.5. I S ,  and 30 psia. I t  was found t h a t  the minimum (W/UA) 
f o r  a l l  f l u i d s  and design cases cons is ten t ly  occurred a t  values o f  P on h, i n  
t h e  order o f  100 psia. Thus, the p lo t s  presented are based on t h i s  combustion 
pt-odccts i n l e t  pressure. 
a. Gaseous Oxvqen 
h. i n  
c, i n  
h, i n  
Hot f l u i d  pressures invest igated are 7.5, 15, 30, 75, 150, 300, 750, and 
1500 psia. Cold f l u i d  pressures invest igated are IO, 20, 40, 100, 200, 400, 
1000, and 2000 psia. 
are 0.05, 0. IO, and 0.20. 
igated are 0.0025, 0.025, and 0.125. 
b. Gaseous Hydroqen 
Hot f l u i d  normalized pressure drops (AP/P lh  invest igated 
invest-  Cold f l u i d  normalized pressure drops (AP/P) 
C 
Hot f l u i d  pressures invest igated are 7.5, 15, 30, 75, 150, 300, 750, and 
1500 psia. Cold f l u i d  pressures invest igated are  IO, 20, 40, 100, 200, 400, 
1000, and 2000 psia. 
are 0.05, 0. IO, and 0.20. 
igated are O.OO?, 0.01, 0.05, and 0.20. 
c. Boi 1 inq Oxyqen 
Hot f l u i d  normalized pressure drops (AP/P) invest igated h 
Cold f l u i d  normalized pressure drops (AP/P)= invest- 
Hot f l u i d  pressures invest igated are 7.5, 15, 30, 75, 240, and 560 psia.. 
Cold f l u i d  pressures invest igated are IO,  100, 300, and 700 psia. Hot f l u i d  
normal ized pressure drops (AP/P), invest igated are 0.05, 0. IO, and 0.20 .  
f l u i d  normal ized pressure drops (AP/P)_ invest igated are 0.0025, 0 .025,  and 
Cold 
L 
0.125. 
d. Boil ins Hydroqen 
Hot f l u i d  pressures invest igated are 7.5, 15, 30, 75, and 150 ps 
f l u i d  pressures invest igated are IO, 50, 100 and 180 psia. Hot f l u i d  
pressure drops (AP/PIh  invest igated are 0.05, 0.10, and 0.20 .  Cold f 
normal ized pressure drops ( AP/P)c invest igated are 0.002,  0.01, 0.05, 
a. Cold 
normalized 
u i d  
and 0 .2 .  
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e. Supercr i t  i c a l  Oxyqen 
It was found tha t  superc r i t i ca l  heat exchangers would o f ten  not use a 
normal compact heat t rans fe r  matrix. The cases run on the computer t o  f i n d  
t h i s  are as fo l lows. Hot f l u i d  i n l e t  pressure i s  600 psia. Cold f l u i d  i n l e t  
pressure i s  800 psia. 
are 0.05, 0.10, and 0.20. 
vest i g t t e d  are 0.0025, 0.025, and 0.125. 
inspect ion o f  the heat exchanger charac ter is t i cs  f o r  the above casx i  ind icated 
tha t  the parametric data f o r  the gas p a r a l l e l  f l ow  heat t rans fe r  region could 
be used instead. 
f. Supercr i t i ca l  Hydroqen 
Hot f l u i d  normal ized pressure drops (AP/P)h invest igated 
Cold f l u i d  normalized pressure drops (AP/P) in- 
C 
No fu r the r  cases were run a f t e r  
Comments apply ing t o  superc r i t i ca l  oxygen apply here as wel l .  The cases 
run on the computer are as follows. Hot f l u i d  i n l e t  pressure i s  150 psia. 
Cold f l u i d  i n l e t  pressure i s  200 psia. Hot f l u i d  normalized pressure drops 
(AP/P)h are 0.05, 0.10, and 0.20. Cold f l u i d  normalized pressure Glops 
(AP/P)c a re  0.002, 0.01, 0.05, and 0.20. 
4. Flow Dependence 
I n  add i t ion  t o  the cases j u s t  presented, add i t iona l  cases were run 
the gas p a r a l l e l  f l o w  heat t rans fer  region t o  determine whether (W/UA?, 
f o r  
(V/UA), and TCR depended on f l u i d  f l ow  rates. 
were run a t  several hot and co ld f l u i d  pressures, and the f l u i d  f l ow  rates 
were allowed t o  vary over the range o f  in te res t  i n  the parametric study. I t  
was found tha t  (W/UA) and TCR d isp lay  l i t t l e  i f  any dependence on f low rate.  
I t was found tha t  (V/UA) depends on both co ld f l u i d  f l ow  ra te  and hot f l u i d  
pressure. These dependences are combined i n t o  a co r rec t i ve  factor .  
To accomplish t h i s ,  cases 
The parameters used t o  invest igate f low dependence var ied i n  the fo l low ing  
manner. Cold f l u i d  pressures var ied from IC ‘0  1000 psia; hot  f l u i d  pressures 
var ied from 7.5 t o  750 psia. Normalized pressure drops f o r  the hot f l u i d  var ied 
from (3.05 t o  0.2, and normalized pressure drops f o r  the co ld  f l u i d  var ied from 
0.001 t o  0.20. Hydrogen flow rates var ied from 0.2 t o  8.0 l b  per sec, and oxygen 
f low rates var ied from 1.0 t o  40 l b  per sec. 
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5. Parametric Cost I n fo_ rm+ lm 
The disctission thus f a r  presented has noted that,  w h i l e  the design concept 
represents the s ta te  o f  the a r t  i n  I ightweight, re1 iable, high-temperature heat 
exchangers, considerable development e f f o r t  remains t o  be accompl ished. I n  
pa r t i cu la r ,  ana ly t i ca l  and experimental v e r i f i c a t i o n  o f  the s t ruc tu ra l  design 
approach i s  necessary before the annular tube bundle concept a t  the 2000’R 
leve l  can be considered f u l l y  developed. 
This posed a problem i n  the establishmenc o f  cost trends f o r  these heat 
exchangers. I f  the development e f f o r t  known t o  be required were included i n  
the nonrecurring cost trend, the costs evaluated by use o f  the Design Reference 
Manual would become extremely h igh  f o r  t h i s  heat exchanger type, r e s u l t i n g  i n  
an u n f a i r  comparison w i t h  the other  heat sources. I n  addi t ion,  the nature o f  
technology development programs makes these costs d i f f i c u l t  t o  estimate. 
Since the costs asscciated w i th  v e r i f i c a t i o n  o f  the concept and approach 
apply on ly  t o  the f i r s t  few designs executed a t  the 2000’R level ,  i t  was c lea r  
tha t  the nonrecurring cost presented i n  the  Design Reference Manual should t ?  
based on the assumption tha t  the needed development has been ca r r i ed  out. 
Thus, the cost trends presented i n  Figure 5-38 are pro jec t ions  o f  the cost 
u l t ima te l y  achievable f o r  annular tube bundle designs based on AiResearch ex- 
perience w i t h  tubu la r  heat exchangers and evaluat ion o f  the design and develop- 
ment problems which can be expected i n  any u n i t  o f  t h i s  leve l  o f  sophis t icat ion.  
Use o f  Parametric Data 
Deta i led ins t ruc t ions  on use o f  the parametric data, inc lud ing ca l cu la t i on  
forms, are provided i n  the Design Reference Manual. This informat ion w i l l  not 
be reproduced i n  f u l l  here. The procedure employed i s  sumnarized i n  the l og i c  
diagram o f  Figure 5-39. 
The technique used consists o f  f i v e  steps: 
(I) Define in ter faces o f  heat exchanger wi th ramaindar o f  system and 
combust ion products source. 
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Figure 5 - 3 9 .  Hot GzC Keat Exchanger k s i g n  Procedure 
( 2 )  
(3)  
Divide heat exchanger i n t o  subunits according t o  heat t rans fe r  region. 
Define ind iv idual  subunit design po in ts .  
(4) Obtain subunit designs. 
( 5 )  Sun subunit cha rac te r i s t i cs  t o  es tab l i sh  weight, volume, and cost o f  
complete heat exchanger. 
The heat t rans fe r  regions which are t rea ted  here are: 
B o i l i n g  
0 Supercr i t  i ca l  
0 Gas ( p a r a l l e l  f lcw) 
0 Gas (counterflaw) 
The & o i  1 ing o r  suG-rcr i t ica l  regimes may o r  may not be present. 
only one o f  these regimes w i l l  e x i s t  i n  a p a r t i c u l a r  heat exchanger. T;ius, a t  
most, three subunits are possible. Many cases w i l l  r e s u l t  i n  one or two sub- 
un i ts .  
I n  any case, 
Design o f  each subunit i s  based on establishment o f  a TCR range which 
ensures that the tube wal l  temperatures do not exceed the maximum cemperature. 
( 1800'R) or present po ten t i a l  combust ion products f reez ing  problems. 
5-35, o r  i t s  appropriate counterpart from the Design Reference Manual, i s  
entered and pressure drops are selected such t h a t  t he  thermal conductance 
r a t i o  range i s  sa t i s f i ed .  This may require rev i s ion  o f  the pressure loss 
goals o f  the user. 
beyond the regions plot ted.  I f  t h i s  i s  necessary, cor rec t ion  o f  the f i n a l  
resu l t s  w i  11 be required. 
Figure 
I n  the k n u a l ,  techniques are defined f o r  ex t rapo la t ion  
When hot and cold stream pressure drops have been selected i n  t h i s  manner, 
Figures 5-36 and 5-37 ( o r  the appropriate counterparts) may be used t Q  ob ta in  
(W/l!A) a,id (V/UA) f o r  the desigr, po int  condit ions considered. 
conductance-heat t rans fe r  area product UA i s  then calculated,a- ' subunit weight 
and volume ( f o r  a l l  except superc r i t i ca l  subunits) i s  found from: 
T t i  over311 
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W = FcFh(W/UA)(UA), l b  
and 
v = F ~ F ~ c ~ ~ / u A ) ( u A ) ,  cu in. 
whe re 
UA = calculated conductance-area product, B t  per hr-OR 
from extrapolat ion o f  cold f l u i d  
and 
Fc = scal ing fac to r  
pressure drop 
Fh = scal ing fac to r  
pressure drop 
C = cryogen mass f t 
resul t ing 
resu 1 t i ng 
ow rate, 
n = 0.265 f o r  hydrogen 
from extrapolat ion o f  hot f l u i d  
where 
( 5-68) 
(5 -69 )  
b per sec 
n = 0.23 f o r  oxygen and ni t rogen 
For supercr i t i ca l  units, the w qht and vol~me are given by: 
W = (U/UA) (UA) 
V = (V/UA) (UA) 
TC!lo = thenna 
( 5- 70) 
(5-71) 
conductance r a t i o  selected . :om the app. ,cab 
TCZ p l o t  
le 
= pper 1 i m i t  o f  thermal conductance r a t  i o  range 
I n  addition, the cold stream pressure drop requi-s correct ion f o r  super- 
c r i t i c a l  subunits. The re la t ions t o  be used arc: 
TCR,aX 
CP = 0.00286 APo (Tc,out 1 7or hydrogen 
AP = 0.002 APo (Tc,out f o r  oxygen or ni t rogen 
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where 
= 
= 
co ld f l u i d  pressure drop chosen from appl icable TCR curve 
c o l d  stream o u t l e t  temperature f o r  complete heat exchanger 
C,OUt 
T 
Af ter  weight and volume o f  each subunit i s  defined, these charac ter is t i cs  
are sumned t o  obta in  t o t a l  heat exchanger weight and volume. The t o t a l  volume 
i s  then used to  estimate the u n i t  recurr ing and nonrectirr ing cost on Figure 
5-38. 
Heat exchanger weight i s  obtained from the fo l low ing  expression: 
m 
where j i d e n t i f i e s  each ind iv idual  subunit and m i s  the t o t a l  number o f  sub- 
u n i t s  i n  the heat exchanger. 
5 lb. 
tube, high-temperature heat exchangers, and accounts f o r  mounting brackets, 
expansion bel lows and in ter face f i t t i n g s ,  a l l  of which become increas ing ly  
s i g n i f i c a n t  when the basic heat exchanger weight f a l l s  below 5 lb. 
I f  Wtot i s  less than 5 Ib, set  W equal t o  t o t  
This value should represent a minimuia weight o f  superal loy shell-and- 
Heat exchanger volume i s  obtained as fo l lows: 
m 
= c  v 
V t o t  j+i j 
I f  Wtot i s  less than 5 lb, heat exchanger volume should be modif ied as 
f o l  lows: 
L't ot  
W t o t  
V = 5.0-  
where Vtot and W r e f e r  t o  the unrev:sed values. t o t  
The calculated value o f  combustion products pressure drop may vary among 
subunits; however, the  actual  hot f l u i d  pressure drops must be equal t o  the  
largest  hot f l u i d  pressure drop i n  the  group. Thus, 
= MAX !APh .) 
"h, to t  t J  
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where APh 
p a r t i c u l a r  subunit. 
refers t o  the pressure drop i n  the combustion products i n  any 4 
Outlet  pressure o f  the combustion products i s  given by: 
- "h, t o t  'h,out h, i n  = ?  
The pressure drop o f  the co ld  f l u i d  i s  equal t o  the sum o f  the pressure 
Thus, the o u t l e t  pressure o f  the co ld  f l u i d  i s  given drops i n  the subunits. 
by : 
m 
= P  - @c,j P C,OUt c, i n  j=l 
where hp, i s  the co ld  f l u i d  pressure 
9- i  
drop o f  the j t h  subunit. 
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SECTION 6 
PUMPS 
The externa pressur iza t ion  system mode 
very wide range. f luid-mcding devices over a 
rates o f  Table 2-2 imply vo 
and 200 cfm f o r  hydrqjoli i f  
requirements Fortunately, 
require: ,haracterization o f  
The maximum r e c i r c u l a t i o n  flow 
umetric f laws o f  approximately 100 cfm f o r  oxygen 
vapor i s  rec i r cu la ted  t o  sa;isfy the l i q u i d  de l i ve ry  
examination o f  some t y p i c a l  l i n e  and heat exchanger 
pressure losses ;ndicate the pump pressure r i s e  w i l l  general ly be o f  the order 
of I O  psi. 
Barske types. 
The requirements c a l l  for s ing le  stage! pump o f  the cen t r i f uga l  and 
A l l  pumps are assumed t o  be dr iven through a magnetic coupling. This 
approach i s  considered mandatory i n  the case o f  the oxygen pumps and i s  benefi- 
c i a l ,  i n  terms o f  cost and power consumption, f o r  the hydrogen and n i t rogen 
pumps. 
operation o f  the motor t o  be avoided. 
windage losses are wtnimized. 
The coupling, which employs samarium-cobalt magnets, allaws submerged 
Thus, development costs arz reduced and 
BASIC PUHP CHARAC’-RIZATION 
The range o f  flw requirements f o r  the r e c i r c u l a t i o n  loop appear to  be 
s a t i s f i e d  by pumps having s p e c i f i c  speeds ranging from 153 t o  5000, where 
s p e c i f i c  speed : s  defined as 
and N = r o t a t i o n a l  speed, rpm 
\ = vo lune t r i c  flow rate, gpm 
H = head r ise, f t - l b f  per lbm 
Or, i f  the volumetric f l o w  ra te  expressed i n  cfm rather than gpm: 
71 -7537 
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Under the incompressible f l o w  assumption apply ing t o  t h i s  study, the head 
r i s e  i s  adequately represented by 
AP H = 144-  
P I  
where AP = pump pressure r ise,  ps i  
p ,  = i n l e t  f l u i d  density, lbrn per cu f t  
The s p e c i f i c  speed range noted covers the regimes o f  Barske pumps (Ns from 150 
t o  380) and centr i fugal  pumps (Ns from 380 t o  5000). Above s p e c i f i c  speeds o f  
5000, pump conf igurat ions would be o f  the ax ia l - f low type. 
Typical impellers f o r  the two dominant types are Shawn i n  Figure 6-1. 
While the cent r i fuga l  design i s  f a m i l i a r  to  users, the Barske pump i s  less 
common. L i k e  the c e n t r i f u g a l  machine, f l u i d  enters a t  the  eye, o r  center, 
o f  the impeller and i s  discharged a t  the periphery. Head r i s e  i s  accomplished 
by r ig id-body r o t a t i o n  of the mass o f  f l u i d  w i t h i n  the housing, which need not 
have close clearances. 
passages, thus e f f e c t i n g  pressure recovery. The s imp1 i c i  t y  and loose i m p e l  l e r -  
to-housing clearances make t h i s  pump a t t r a c t i v e  i n  prov id ing substant ia l  head 
r ises i n  l aw- f l aw  s i tuat ions,  since small-scale u n i t s  are r e a d i l y  designed. 
The f l u i d  i s  discharged through one or more v e n t u r i - l i k e  
The pump character izat ion adopted f o r  t h i s  program i s  presented i n  Figure 
6-2. 
speed, as composite curves for the three types o f  machines. 
i s  a dimensionless dynamic s i m i l a r i t y  parameter defined as: 
Here, peak e f f i c i e n c y  and head c o e f f i c i e n t  are p l o t t e d  against s p e c i f i c  
The head c o e f f i c i e n t  
9cH * =7 
U 
(6-4) 
where U = impel ler  t i p  speed, fps 
The dimensionless data of Figure 6-2 i s  s u f f i c i e n t  t o  def ine the o v e r a l l  
geometric and performance charac ter is t i cs  o f  the pump types depicted. 
since the peak e f f i c  *ICY i s  presented, the e f f i c i e n c y  o f  ind iv idua l  designs 
w i l l  requi re  correct ion f o r  degradation due t o  law Reynolds number o r  small  
impel ler  size. 
However, 
The Barske pump information incorporated i n  Figbre 6-2 i s  due to  B a l j e ’  
(Reference LO), wh i le  the cent r i fuga l  pump data !a drawn from Reference I I  and 
71-7535: 
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AiResearcti experience i n  t h i s  f i e l d .  The J x i a l  machine charac ter is t i cs  are 
taken from Eckert and Schnell (Reference 12).  
PUMP DESIGN CHART 
While there i s  no d i f f i c u l t y  i n  the  d i r e c t  app l i ca t ion  o f  Figure 6-2 i n  
the design o f  pumps f o r  t h i s  program, i t  i s  possible t o  recast the bas ic  design 
data i n  a form much more convenient f o r  pre l iminary analysis.  T h i s  i s  accom- 
p l ished by observing 4 F ? t  i f  the ro ta t i ona l  speed dependence o f  the head 
coe f f i c i en t  curve i q  rlt3de e x p l i c i t ,  a f am i l y  o f  curves resu l ts .  The impel ler  
t i p  speed i s  given by: 
TDN u =-  
720 (6-5) 
where D = impel ler  t i p  diameter, in. 
Using t h i s  d e f i n i t i o n  i n  Equation 6-4, i t  i s  found tha t  the r a t i o  o f  head r i s e  
t o  the square o f  D i s  a func t ion  o f  4 and N: 
Thus, f o r  
This 
fami ly  o f  
2 constant ro ta t i ona l  speeds, H/D may be p lo t ted  as a func t i on  o f  N,/N. 
has been accomplished on curve 3 o f  Figure 6-3, r e s u l t i n g  i n  the 
curves represented by the s o l i d  l ines .  
Since l ines  of  constant s p e c i f i c  speed can r e a d i l y  be superimposed on the 
2 fami ly  o f  H/D curves, i t  i s  possible t o  base a canted set  o f  coordinates on 
these l ines .  The e f f i c i e n c y  curve o f  Figure 6-2 can then be incorporated i n t o  
curve 3. 
Noting tha t  the head r i se .can be w r i t t e n  as: 
$/3 
( N ~ / N  l4l3 
H =  
and r e c a l l i n g  Equation 6-3, i t  i s  possible t o  develop curves 1 and 2. Curve 4 
requires on ly  the obvious observation tha t  H/D2 czn be p l o t t e d  as a func t ion  o f  
H and D. 
AIRESEARCH MANUFACTURING COMPANY 
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When arranged as presented i n  Figure 6-3, the four curves represent a 
compiete pump s i z i n g  too l .  Note tha t  a l l  adjacent coordinate axes are ident ica l ,  
a l low ing  orthographic p ro jec t i on  of l ines  from one curve t o  the next. 
informat ion needn,d t o  employ Figure 6-3 i s :  
F l u i d  i n l e t  density, p,, l b  per cu f t  
Pump pressure r ise,  DP, psi  
The 
(a) 
(b) 
(c)  Volumetric f l ow  rate, Q: 
, cfm S 
60 P ,  
Q =  -
As shown schematical ly i n  Figure 6-3, the curves zre used as fo l lows:  
Curve I i; entered w i t h  p ,  and AP, de f in ing  the head r ise, H, 
From the point, a l i n e  should be p a r a l l e l  t o  the abscissa, across 
curve 2 t o  the 45-deg f o l d  l ine .  
The volume flow, Q, i s  located along the projected l i n e  i n  curve 2. 
From t h i s  point, a l i n e  i s  projected down across curve 3, p a r a l l e l  
t o  the ordinate. 
The permissible pump operating points l i e  along the l i n e  acrass 
curve 3. Select ion o f  a speed on t h l s  curve f i xes  the pump design 
point .  
From any permissible operat ing point, i t  i s  oossible t o  read the 
corresponding peak e f f i c i e n c y  by p ro jec t i ng  E l ine,  p a r a l l e l  t o  tna 
1 ines of  constant s p e c i f i c  speed, t o  +!.a ddf-lizd e f f i c i e n c y  curve. 
Comparison o f  the e f f i c i ency  possible a t  pe;inissIble design po in ts  
allows the speed t o  be r a p i d l y  chosen. 
Pro jec t ion  o f  1 ines from the choser design po in t  across curve 4 and 
from the p ~ l ; , i  defined by the head r i s e  l i n e  on the 45-de9 f o l d  l i n e  
across curve b c'ef ine the impe i l e r  diameter a t  tc le i r  in te rsec t  ion on 
tha t  curve . 
Thus, Figure 6-3 allows H, N, Ns., r\ and impeller d i a m t e r  D t o  be evaluated 
quickly.  
correct ions t o  the resu l t s  obtained graph ica l l y  on t h i s  chart.  
The pump design task i s  completed a f t e r  applying several checks and 
m] AIRESEARCH MANUFACTURING COMPANY 
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The pump type selected i s  ind icated by the s p e c i f i c  speed. The approximate 
boundaries f o r  the types ava i lab le  are: 
Type 
Nc Range 
Bars ke 150 t o  380 
Centr i fugal  380 t o  5,000 
Ax ia l  5,000 t o  10,000 
I n  se lec t ing  the speed a t  the design point, the motor type t o  be chosen 
must be considered. With the brushless dc motor, any speed i n  the 4,000 t o  
64,000 rpm range characterized can be selected. 
induct ion motor, s i x  d i sc re te  speeds are avai lable,  corresponding t o  pole num- 
bers from 2 t o  12. 
I n  the case o f  the 400 Hz 
The permissible speeds f o r  induct ion motor-driven pumps are: 
Number o f  Poles Speed, rpm 
2 22,800 
4 I 1,400 
6 7,600 
8 5,700 
10 4,560 
12 3,800 
CORRECTION OF 5ESIGhi POINT 
Impel ler  T i p  S p e e d  
A f t e r  es Abl ishing a design po in t  i n  Figure 6-3, the impel ler  t i p  speed 
For pumps o f  the types presented here, a t i p  speed o f  1500 must be checked. 
f t  per sec represents the boundary o f  well-developed technology. 
the data o f  Figure 6-4 w i t h  the impel ler  diameter and che sha f t  speed, i t  can 
be determined i f  t h i s  l i m i t  has been exceeded. I f  so, a lower speed should be 
selected i n  Figure 6-3. 
By comparing 
I n  extreme cases reduct ion i n  speed w i l l  not s u f f i c e  t o  s a t i s f y  t h i s  ‘ l i m i t .  
When t h i s  occurs, a mult i -stage pump i s  required. Such designs can be i nves t i -  
gated by d i v id ing  the t o t a l  pressure r i s e  among two or more stages. The volume 
f l ow  f o r  each succeeding stage must be based on the  f l u i d  i n l e t  condi t ions f o r  
t ha t  stage, 
motor, the speed must be chosen a t  the same value f o r  each stage and stage power 
values then summed t o  ob ta in  the t o t a l  motor power rat ing.  
I f  the mult i -stage u n i t  i s  considered t o  be dr iven  by a s ing le  
71-7537 
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Ef f i c iency  Correct ions 
Two co i rect ions may have t o  be appl ied t o  the peak e f f i c i e n c y  value obtained 
i n  Figure 6-3. I n  Figure 6-5, the e f f e c t  o f  impel ler  Reynolds number i s  shown, 
as a funct ion ReynoIds number and s p e c i f i c  speed. For our purposes, the impel ler  
Reynolds number i s  given by: 
Rei = 5411 - (6-7) 
PI 
where p, = dynamic v i s c o s i t y  a t  i n l e t  condit ions 
Figure 6-6 represents the  e f f e c t  o f  impel ler  s ize  on e f f i c i e n c y  o f  wheels 
below 4-in. diameter. The corrected e f f i c i e n c y  i s  thus found t o  be: 
7 =(I) (i) S vo 
‘0 R 
where (t)R i s  the f a c t o r  obtained fran Figure 6-5 
i s  the f a c t o r  obtained from Figure 6-6 (tL 
Using the corrected ef f ic iency,  the shaf t  p e r  requirement can be calcula- 
ted from: 
PWRS = 5  
For smal 1 pumps, a 
w i  11 be found inva 
G H  
05 2 Y hP 7\ 
lower l i m i t  on shaf t  power should be set, since Equat 
i d  i n  the regime where p a r a s i t i c  losses are dominant. 
r u l e  o f  thumb, 30 w i s  the 
PWRS C 0.04 hp 
set  PWRS = 0.04 hp 
The design procedure d 
Figure 6-7. 
Cavi ta t ion Cons idera t  ions 
(6-9) 
on 6-9 
As a 
owest power leve l  t h a t  w i l l  be observed. Thus, i f  
scussed above i s  summarized, i n  schematic form i n  
Inves t iga t ion  o f  the pump requirements of  external  pressur izat ion systems 
indicates the pressure r i s e  w i l l  general ly be w e l l  w i t h i n  the 100 ps i  range 
provided. Under these conditions, c a v i t a t i o n  i n  1 iquid-hand1 ing pumps does 
71-7537 
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not  present a problem. This can be v e r i f i e d  i n  F i9 ip*ss  6-8 and 6-9, where the 
net  p o s i t i v e  suct ion pressure (NPSP) required a t  the pump i n l e t  i s  shown f o r  
hydrogen, and oxygen and nitrogen, respect ively.  Figure 6-8  i s  based on a 
suct ion s p e c i f i c  speed of IOO,OOO, wh i le  the oxygen and n i t rogen NPSP i n  
Figure 6-9 i s  based on a value o f  50,000. The suct ion spec i f i c  speed i s  
def ined as 
(6- I O )  
The values referenced f o r  the three f l u i d s  represent those r e a d i l y  achievable 
by the ava i lab le  approaches t o  i n l e t  and inducer design. 
Weight and Cost Character is t ics  
Weight o f  the pump alone, inc lud ing the housing but excluding the magnetic 
coupl ing and d r i v e  motor, i s  presented i n  Figure 6-10. This in format ion i s  
taken from Reference 13, which i s  a study o f  pumps s i m i l a r  t o  those considered 
here. 
Pump cost, a lso  as a func t ion  o f  impel ler  diameter, i s  shown i n  Figure 6-11. 
These trends are assembled from h i s t o r i c a l  cost data f o r  AiResearch cen t r i f uga l  
and Barske pumps. 
the r e l a t i v e  i n s e n s i t i v i t y  o f  the Barske design t o  clearance ra t i os .  
The s l i g h t  r i s e  i n  recur r ing  (or hardware) cost indicates 
MAGNETIC COUPLING CHARACTERISTICS 
Many pumps and compressors requi re tha t  the aerodynamic o r  hydrodynamic 
sect ion be sealed from the d r i v i n g  elements. 
are a i r  turbine-dr iven re f r i ge ran t  compressors and oxygen pumps and compressors. 
Although shaf t  seals have been developed f o r  such machines, they are usua l ly  
mechanically complex and eventual ly  permit s i g n i f i c a n t  leakage. 
t ions  do not a l low re l iance on seals f o r  oxygen systems. 
Typical appl icat ions o f  t h i s  type 
Safety implica- 
The magnetic coupl ing o f f e r s  a convenient so lu t i on  t o  t h i s  design problem. 
This device consists o f  two magnetic halves arranged so tha t  the d r i v i n g  ha l f  
induces ro ta ry  motion o f  the dr iven  h a l f .  A diaphragm may be located between 
the halves, a l lowing hermetic sea l ing  o f  the d r i v i n g  and dr iven  sections. To 
use magnetic coup1 ings e f fec t i ve ly ,  A i  Research i n i t i a t e d  a company-sponsored 
AIRESURCH MANUFACTURING COMPANY 
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R@ program t o  def ine optimum designs i n  1967. This program, the source o f  the 
data presented here, included studies o f  weight, torque, s i z e  and upper l i m i t s  
o f  power transmiss ion capabi 1 i ty .  
For dr iv i r .9  o f  the pumps characterized i n  t h i s  study, the permanent magnet 
coupl ing has been chosen. Typical  coupl ing conf igurat ion i s  shown i n  Figure 6-12. 
The ,nagnets, fabr icated i n  the shape of c y l i n d r i c a l  buttons, are contained i n  a 
s t r u c t u r a l  r o t o r  which a lso  comprises pa r t  o f  the magnetic c i r c u i t .  
are samarium-cobalt, a r e l a t i v e l y  new permanent magnet mater ia l  t ha t  combines 
h igh  magnetic energy product w i t h  reasonable co$t. 
The magnets 
I t  i s  recommended tha t  couplings be used on o l d  pump un i t s  considered under 
t h i s  study. 
tage o f  permi t t ing  motor design t o  be s i m p l i f i e d  and al lows minimizat ion o f  
m t o r  windage losses. 
Use of the coupl ing f o r  hydrogen and n i t rogen pumps has the advan- 
Weight of these coupl ing un i t s  i s  presented i n  Figure 6-13 as a funct ion 
o f  sha f t  speed and power transmission level .  With samarium-cobalt, the t i p  
speed a t  the magnets must be l i m i t e d  t o  575 fps. This l i m i t ,  apparent i n  
Figure 6-13, may impose some cons t ra in t  on pump design. 
The cost charac ter is t i cs  o f  the coupling i s  considered t o  be p r i m a r i l y  
dependent on transmit ted power capacity. 
nonrecurr ing cost i s  p lo t ted  i n  Figure 6-14. 
The estimated coupl ing recur r ing  and 
A!RESEARCH MANUFACTURING COMPANY 
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SECTION 7 
D R I V E  MOTORS 
Two types o f  pump d r i v e  motors are represented i n  t h i s  sect ion:  the ac 
induct ion motor and the brushless dc motor. 
erable l a t i t u d e  i n  s e l e d i o n  o f  speed, weight and cost f o r  the pump d r i v e  
funct ion.  
These two motors provide consid- 
INDUCTION MOTOR 
Since considerable design informat ion i s  ava i lab le  f o r  the induct ion motor, 
t h i s  character izat ion was obtained by s t a t i s t i c a l  analysis o f  the character is-  
t i c s  df a number o f  motors. The basic assumptions are as fo l lows:  
(a )  The r o t o r  i s  o f  tl,e squirrel-cage construction, using aluminum o r  
copper a l l o y  f o r  the r o t o r  bar. 
The laminat ion is s i l i c o n  s tee l .  
The s t a t o r  has a cool ing c a p a b i l i t y  of I O  t o  20 w/cu in. 
(b) 
(c) 
(d) The maximum al lowable t i p  speed i s  600 fps. 
(e) The p w e r  source i s  3-phase, 115 v, 400 Hz. 
( f )  Designs ranging from 2 t o  12 poles are o f  in terest .  
The motor assembly weight, which includes housing, bearings and shaft  
provisions f o r  mounting o f  the magnetic coupling, i s  presented i n  Figure 7-1. 
The e f f i c i e n c y  o f  t h i s  design, inc lud ing bearing and windage losses, i s  found 
i n  Figure 7-2. Power f a c t o r  f o r  fu l ly - loaded induct ion motors i s  given i n  
Figure 7-3. 
The input power requirement f o r  the motor can be evaluated from 
PWRS 
PWR = 746 p~ , watt  
7\m 
where PWRS = shaf t  power, hp 
\ = motor e f f i c i e n c y  
PF = power f a c t o r  
Cost elements f o r  the induct ion motor are provided i n  Figure 7-4. 
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Figure 7-4. Cost Character ist ics o f  400 Hz Cage Rotor Induct ion Motors 
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BRUSHLESS D C  MOTOR 
The fo l l ow ing  descr ip t ion  characterizes a permanent magnet-type brushless 
dc motor which w i l  a l low power leve ls  up t o  100 hp t o  be supplied a t  speeds 
ranging from 4,000 ‘20 64,000 rprti. Although considerably more expensive than 
three-phase induct on motors, the brushless dc motor o f f e r s  a high degree o f  
f l e x i b i l i t y  i n  appl icat ion.  
There are two permanent magnet a l l oys  which can be used i n  an i ronless 
construct ion:  platinum-cobalt and samarium-cobalt. The use o f  plat inum-cobalt 
i n  machines up t o  100 hp seemed u n r e a l i s t i c  from a cost and a v a i l a b i l i t y  stand- 
point .  The mater ia l  i s  77 percent plat inum by weight. Samarium-cobalt i s  a 
new mater ia l  which has twice the magnetic energy product o f  plat inum-cobalt but  
has low mechanical strength i i tens ion. Samarium-cobalt o r  s i m i l a r  mater ia ls 
w i l l  probably compcse the magnets o f  the 1970’s. 
cn the use o f  samarium-cobalt. 
This study i s  based e n t i r e l y  
Because o f  the l ack  of  t e n s i l e  strength i n  samarium-cobalt, it i s  necessary 
t o  support the r o t o r  magnets. Past analysis o f  support o f  permenent magnets i n  
radial-gap r o t o r  assemblies has indicated tha t  a high-strength s tee l  sleev2 
shrunk over the fabr ica ted  r o t o r  i s  the best means of  support. The study was 
there fore  based on the use o f  a nonmagnetic Inconel 718 sleeve, which must use 
up some o f  the al lowable airgap region. I t  was determined by b r i e f  i t e r a t i o n  
t h a t  a r o t o r  s*ipport using 30 percent of  the gap would approximate an optimum 
cond i t i on. 
From t h i s  configuration, various re la t i ons  w i re  establ ished. By using a 
The fo l l ow ing  are 
su i tab le  s i z i n g  process based on a c e r t a i n  design, the performance o f  the machine 
as a f u n c t i o r  o f  output power ar?d speed can be determirled. 
the basic assumptions for  the analysis. 
(a)  The a l te rna tors  are a l l  designed as four-pole machines, representing 
a p rac t i ca l  compromise between f a b r i c a t i o n  and electromagnetic con- 
s iderat ions.  
The maximum al lowable t i p  speed o f  the r o t o r  i s  640 fps. 
determined from the loading o f  the support r i n g  based on a 20-percent 
overspeed requirement and an Inconel 718 y i e l d  strength o f  150,000 ps i .  
(b) This i s  
AIRESEARCH MANUFACTURING COMPANY 
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(c )  When the s i z e  o f  the machine varies, a c e r t a i n  p r o p o r t i o n G l i t y  i s  
maintained. 
The magnet material,  samarium-cobalt, has twice the magnetic energy 
product o f  p l a t  inum-cobalt. 
The cool ing c a p a b i l i t y  i s  20 n/cu-in. I f  t h i s  limit i s  exceeded, t5e 
capacity of  the machine i s  dsrated wh i le  maintaining the same weight. 
(d )  
(e) 
Weight o f  motor assembl ies, :.:;ich include housing, bearings, provis ions f o r  
the magnetic coupling and the s o l i d  s ta te  e l e c t r w i c s  required by the motor c i r -  
cu i t ,  are presented i n  Figure 7-5. 
are provided i n  Figure 7-6. 
Overal l  motor assembly e f f i c i e n c y  estimates 
Input e l e c t r i c a l  power i s  given d i r e c t l y  by 
PWRS 
PWR = 746 - 5n ( 7 - 2 )  
The cost information for  the  brushless dc motor assembly i s  presented i n  
Figure 7-7. 
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Figure 7-7. Cost Characteristics of  Savgrium-Cabal t Penanent 
Magnet Brushless DC Motors 
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APPENDIX 
UTILIZATION OF STORAGE PRESSURE 
DECAY FOR LIQUID CRYOGEN DELIVERY 
It i s  of i n te res t  t o  inves t iqa te  the  use o f  decay of storage pressure as 
a l t e r n a t i v e  means of  e f f e c t i n g  del i ve ry  o f  1 i q u i d  f rom a cryogenic storage 
system. Assuming tha t  the nominal storage pressure i s  above the minimum 
de l ivery  pressure acceptable t o  the using system, i t  i s  c lea r  tha t  t h i s  pres- 
sure po ten t i a l  w i l l  a l low some de l i very  r a t e  t o  be supported. 
i s  t o  determine the  l i q u i d  de l i very  ra tes t h a t  could be obtained f o r  t h e  
tank spec i f ied  i n  the Design Reference Hanual example problem. 
The ob jec t i ve  
PRESSURE DECAY PROCESSES 
The f i r s t  law o f  thermodynamics f o r  the  case o f  de l i very  o f  f l u i d  f r o m  a 
constant volume tank i s  
dQ = dH - Vdp + hadm (A-1 1 
where 
dQ s i n f i n i t e s i m a l  quant i t y  o f  heat input t o  the  system 
H = t o t a l  enthalpy o f  the  s tored f l u i d  
V = f l u i d  storage volume 
p = stored f l u i d  pressure 
h = spec i f i c  enthalpy of e x i t i n g  f l u i d  
a 
m = t o t a l  stored f l u i d  mass 
If the tank i s  wel l - insulated, dQ can be considered neg l ig ib le .  The 
pressure change i s  then 
dH + hadm 
v dp = 
and i f  the tank content cons is ts  o f  a well-mixed, single-phase f l u i d ,  t he  
process takes place isen t rop ica l l y .  
However, i f  t h t  tank contains both l i q u i d  and vapor, h may be consider- 
a 
ab ly  d i f f e r e n t  from the average s p e c i f i c  enthalpy o f  the  tank contents. Thus, 
AIRESURCH MANUFACTURING COMPANY 
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the decay process w i l l  depart from the isentropic.  
and not ing tha t  f o r  withdrawal dm i s  negative, i t  i s  seen tha t  when the  e x i t  
stream enthalpy i s  less than tha t  o f  average stored f l u i d ,  as i t  i s  f o r  the 
case o f  l i q u i d  del ivery,  pressure decrease w i l l  be less than the isen t rop ic  
process. Thus, entropy must increase. 
Referr ing t o  Equation A-2 
The r a t e  o f  pressure change must be dependent on the vapor f rac t ion ,  
or qua l i t y ,  o f  the  tank contents a t  a p o i n t  i n  the process. 
increases, the spec i f i c  enthalpy representing the  average stored f l u i d  condi- 
t i o n  a l so  increases. Since as pressure f a l l s  saturated l i q u i d  enthalpy 
decreases, the enthalpy of  the depart ing stream represents a decreasing 
f r a c t i o n  o f  the average enthalpy as the  tank i s  depleted. 
ra te  dp/dt therefore decreases throughout the del ivery  period. 
i n  Figure A-I ,  where several l i q u i d  de l i very  pressure decay processes are  
presenred on a general temperature-entropy p lo t .  A l l  s t a r t  a t  the same tank 
quantity, o r  i n i t i a l  density, but a t  successively higher pressures. The 
del ivered f l u i d  f l ow  r a t e  i s  i den t i ca l  f o r  each process. Each continues 
u n t i l  the  minimum de l ivery  pressure p i s  reached. 
As the q u a l i t y  
The pressure decay 
This i s  shown 
F 
A t  the beginning o f  de l i ve ry  f o r  processes A, 6, and C, vapor f r a c t i o n  
i s  r e l a t i v e l y  small; t h i s  resu l t s  i n  rap id  decay of pressure, however, 
which i s  rap id l y  reduced as q u a l i t y  rises. Process D begins a t  a s u p e r c r i t i c a l  
pressure leve l ;  decay i s  very rapid, f o l l ow ing  a l i n e  o f  constant entropy u n t i l  
the tank contents become two-phase. From tha t  po in t  on, decay resembles tha t  
o f  proceszes A, i3, and C. 
The nature of these de l i very  processes as the l i q u i d  po r t i on  o f  the stored 
f l u i d  i s  depleted i s  noteworthy. When the  l i q u i d  phase has been exhausted 
and the contents consists o f  single-phase f l u i d ,  the  decay path must again 
become isentropic,  However, i sen t rop ic  expansion from a po in t  along the  
saturated vapor boundary must produce a small l i q u i d  f rac t ion .  I f  it i s  
possible t o  de l i ve r  the l i q u i d  produced i n  preference t o  vapor ( ~ 1 . 9 . ~  a 
g rav i t y  f i e l d  i s  present such tha t  l i q u i d  i s  d i rec ted  t o  the tank ou t l e t ) ,  
the r a t e  o f  decay w i l l  f a l l  d r a s t i c a l l y  u n t i l  the l i q u i d  phase i s  again ex- 
hausted. 
l i q u i d  phase f l u i d .  
A t  t ha t  time, isent rop ic  decay again takes place, producing more 
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ENTROPY 
Figure A - I .  Liquid Delivery Processes With 
Pressure Decay 
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The behavior described above takes place u n t i  1 the de l i ve ry  per iod  ends, 
when the pressure pF i s  reached. Thus, processes C and D i n  Figure A- I  are 
constrained t o  fo l low the saturated vapor l i n e  once the de l i ve ry  has caused 
the l i q u i d  phase t o  be depleted. This causes processes B, C, and D t o  share 
the same f i n a l  stored f l u i d  condition, t ha t  o f  saturated vapor a t  the pressure 
Since i den t i ca l  quant i t ies  o f  mass have been removed a t  the same flow 
PF' 
rate, the flow per iod sustained by the three processes i s  a lso  i den t i ca l .  
I t  i s  c l e a r  from the foregoing t h a t  i n  se lec t i ng  the i n i t i a l  pressure 
leve l  f o r  pressure decay l i q u i d  de l i ve ry  processes, there i s  no advantage i n  
pressures s i g n i f i c a n t l y  above tha t  o f  process B. 
decay t o  the saturated vapor boundary a t  pressures we l l  above the minimum 
del i very  pressure on ly  increase pressure contai nment requirements w i thout  
increasing f low capab i l i t y .  
That is, processes which 
On the other hand, lower i n i t i a l  pressures, such as shown f o r  process A, 
r e s u l t  i n  higher f i n a l  f l u i d  density a t  pF, and hence a shor te r  f l ow  period. 
ANALYSIS OF EXAMPLE PROBLEM TANK 
To quanti fy these e f fec ts  f o r  a case o f  interest ,  f low c a p a b i l i t y  o f  the 
Design Reference Manual example problem tank was invest igated using a tank 
dynamics computer program. 
the f i r s t  law w r i t t e n  f o r  f i n i t e  changes: 
The program used considers the fo l l ow ing  form o f  
where Vo = nominal tank volume 
= inner s h e l l  iflass 
m S  
c = inner s h e l l  s p e c i f i c  heat capaci ty 
PS 
T = f l u i d  temperature 
and the subscripts I and 2 i d e n t i f y  the beginning and end o f  the time per iod  
considered. The f i n a l  term o f  Equation A-3 accounts f o r  the e f f e c t  o f  thermal 
AIRESEARCH MANUFACTURING COMPANY 
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storage i n  the inner she? l .  The coef f i c ien t  C appli-ed t o  the n m i n a l  volume 
accounts for  tank volume changes due t o  pressure. and temperature. C i s  given by 
c = I +q 3Do (P, + P2 - 2Po) + 2 (T I  + T2 - 2To) ( A - 4 )  
= nominal inner s h e l l  ins ide  diameter, based on Vo 
= pressure a t  which V = Vo 
= temperature a t  which V = V 
0 0 
E = Young's modulus f o r  inner s h e l l  mater ia l  
DO 
PO 
where 
T 
Q = thermal expansiv i ty  f o r  inner s h e l l  mater ia l  
tS = inner s h e l l  thickness 
For the s i t u a t i o n  examine here, the computer program calcu lates ha f o r  
s i ngle-phase reg ions as 
hl + h2 
2 h =  a (A-5) 
where h and h are the i n i t i a l  and f i n a l  average s p e c i f i c  enthalpies o f  the 
s tored f l u i d .  A f te r  the. two phase region i s  entered, l i q u i d  de l i very  i s  t o  
take place; f o r  t h i s  case, 
I 0 2  
hL + h 
2 
I L2 h =  
a (A-6) 
where hL and h are the i n i t i a l  and f i n a l  saturated l i q u i d  enthalpies.  
I L2 
The example problem tank was defined as: 
F1 ui d Oxygen 
Tank volume, cu f t  225  
Tank geometry Spheri ca 1 
Storage pressure, ps ia  50 
Storage de l i ve ry  rate, l b  per sec 5 
Del i vered f 1 u i  d phase Li ql;i d 1 
Since t h i s  in format ion was o r i g i n a l l y  establ ished as a problem statement f o r  
an external  pressur izat ion system, the thermal charac ter is t i cs  o f  the tank 
CJRESEARCH MANUFACTURING COMPANY 
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were not defined. To permit c a l c u l a t i o n  o f  thermal charac ter is t i cs ,  the 
fo l l ow ing  assumptions were adopted: 
( I )  The tank i s  insulated w i t h  2 in. of evacuated aluminized mylar 
super i ns u l  a t  i on. 
Inner vessel support employs tension members which can be represented 
as hav i ng : 
(2) 
2 Total conduction area/length r a t i o  = 0.045 i n .  per i n .  
Mean thermal conduc t i v i t y  = 7 Btu per hr-ft-OR 
(3) Inner vessel i s  constructed o f  s ta in less  s tee l .  
A f te r  applying the above data and assumptions t o  a tank design com?utcr 
program, the fo l lowing tank cha rac te r i s t i cs  were defined: 
Inner s h e l l  I . D .  90.60 in .  
Inner she1 1 wa l l  thickness 0.055 in.  
Outer s h e l l  O.D. 94.91 in. 
L ine and support heat leak 10.8 Ztu per h r  
Total heat leak 63.0 Btu per h r  
Vent f l ow  r a t e  a t  design po in t  56.5 l b  per h r  
For examination o f  pressure decay del ivery, the minimum de l i ve ry  pressure 
was assumed t o  be 30 psia. 
5 l b  per sec was investigated. 
pressure required f o r  decay t o  the saturdted vapor cond i t i on  a t  30 ps ia  as a 
func t i on  o f  f low rate.  
u n t i l  the proper f i n a l  s t a t e  was obtained, 
A range of f low rates encompassing the spec i f i ed  
I t  was desired to. determine the minimum i n i t i a l  
This required analysis o f  a number o f  i n i t i a l  condi t ions 
The resu l ts  o f  t h i s  b r i e f  study are presented on Figure A-2, where i t  i s  
found tha t  the minimum i n i t i a l  pressure f o r  flows as h igh  as IO l b  per sec i s  
we l l  below the nominal tank pressure o f  50 psia. 
c a p a b i l i t y  ex i s t s  f o r  the de l i very  o f  very la rge  l i q u i d  flow rat:-?. 
I n  the s i t u a t i o n  examined, 
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Figure A-2. Pressure Decay Liquid Del ivery Performance 
o f  Example Problem Oxygen Tank 
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C 0 NC LUS IO N 
While i t  wou!d appear t h a t  the pressurs decay technique can o f f e r  an 
a t t r a c t i v e  a1 te rna t ive  t o  external  pressur izat ion systsrcr f o r  de1;very o f  
l iqu id ,  several aspects o f  t h i s  analysis must be considered. 
F i rs t ,  i t  must be remembered tha t  the considerations of t h i s  appendix are 
purely thermodynamic. While the f low capaci ty ind icated above i s  ava i lab le  so 
f a r  as the thermodynamics o f  the storage vessel are concerned, the e n t i  r e  
de l ivery  process must be s tud ied i n  d e t a i l  t o  def ine the t rue  flow capacrty. 
Line f r i c t i o n  losses undoubtedly place the rea l  l i m i t  on t h i s  type of de l i very  
process, and since two phase f low must occur a t  some po in t  i n  the d e l i v e r y  
l ines, the l i m i t  i s  l i k e l y  t o  be f a r  lower than tha t  pe!..nitted by the tank 
t hermody nam i cs . 
Second, the type o f  del 
za t ion  system, precludes the 
When the storage system supp 
t i o n  may be c ruc ia l .  
very discussad bee, u n l i k e  the external  pressur i -  
p o s s i b i l i t y  of prov id ing NPSH f o r  using bquiprnent. 
i es  large high-pressure r i s e  pumps, t h i s  considera- 
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